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Due to their significant size, large segmental bone defects require complex 
surgical intervention in order to heal, including the implantation of graft material. As 
current treatment methods involving graft extraction are associated with donor site 
morbidity, tissue engineered constructs offer a promising alternative. To investigate 
the efficacy of these novel solutions, an ovine tibia model was established (by Prof. 
Hutmacher and colleagues) for conducting preclinical animal trials. A constraint in 
conducting these trials, however, is that current quantitative methods for 
assessment are limited to ex vivo analysis, and are unsuited for measuring significant 
healing events as they occur in vivo. This highlights the need to develop a method for 
monitoring the progression of healing over time, as indicated by the mechanical 
conditions at the defect site. Furthermore, as mechanical stimulus has been shown 
to significantly influence healing, a method for monitoring the daily functional 
loading responsible for this stimulus is also needed. This research addresses these 
technology gaps, with the development of an instrumented fixation approach for 
monitoring healing, and an activity monitoring system for characterizing the 
mechanical environment.  
Instrumented fixation was achieved by applying deformation sensors to the 
dynamic compression plate (DePuy Synthes, United States); which is the internal 
fixation device used in the established animal model. Theoretically, as the bone 
defect heals, the area becomes more stable and the fixation device is less deformed 
under functional loading; which was supported by mechanically testing the 
instrumented plate while attached to polyvinyl chloride pipe and simulating different 
defect conditions. Following the preliminary mechanical investigation, a detachable 
strain gauge sensor or “fracture monitor” was designed for the dynamic compression 
plate through collaboration with the AO Research Institute (Davos, Switzerland).  
The second stage of this research included the development of a method for 
monitoring animal activity, as a means for characterising the mechanical 
environment. GPS, pedometers and inertial sensor approaches were trialled on a 
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single sheep, where it was found that the inertial sensor approach was the most 
practical and informative. From the initial trial, captured inertial sensor data and 
corresponding video recording were used to create a classification algorithm for 
transforming raw acceleration data (as captured by the inertial sensors) into classes 
of animal activity including: inactivity, mild activity and intense activity. Appropriate 
devices were purchased and modified to be worn by the sheep using chest harnesses, 
and captured data was then processed by the classification algorithm, thereby 
creating a system for monitoring healing.  
Following the development of these new methodologies, both the fracture 
monitor and the activity monitor were trialled in a relevant preclinical study. The 
study demonstrated that the fracture monitors were effective tools for monitoring 
internal loading conditions for un-bridged bone defects. The mean (± standard 
deviation) of the average daily loads as measured by the fracture monitors for all four 
sheep was 200 N (± 57 N). The mean (± standard deviation) of the average load cycles 
per hour across all four animals was 102 (± 29). As no bony bridging occurred during 
the time captured by the fracture monitors (<42 weeks post-surgery), the 
effectiveness of fracture monitors to monitor healing in terms of the changed 
mechanical properties at the defect site could not be confirmed. Fracture monitor 
improvements with respect to longevity were recommended to enable the devices 
to more adequately capture healing progression in long-term (6 -12 month) ovine 
studies.  
The activity monitors were successful in capturing animal activity, providing in 
vivo evidence of the relatively dormant and unchanging activity behaviours of the 
monitored sheep. The mean (± standard deviation) of the median time spent active 
was 1.44 (± 0.45) minutes per hour of mild activity and 4.31 (± 4) seconds per hour of 
intense activity; and no significant changes in animal activity over time was observed, 
nor were any significant differences observed between individual animals. 
Recommendations include altering the way the device is worn to improve comfort 
and reduce false results (due to harness slippage), and continued development of the 
activity classification algorithms; advancing from mild/intense activity categorization 
to capturing variation in gait.     
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Chapter 1: Introduction 
1.1 Overview 
Chapter 1 introduces the relevant background information leading to the 
technology gaps that this PhD project aims to address. The global health problem of 
large segmental bone defects is introduced in Section 1.2, followed by a discussion of 
current and emerging treatments in Section 1.3. Section 1.4 discusses the particular 
preclinical bone defect model, to which this research applies. Section 1.4 further 
introduces bone healing pathways and the influence of mechanical conditions on 
bone healing; highlighting the significant lack of research in this area with respect to 
large segmental defects. Section 1.5 outlines identified technology gaps with respect 
to monitoring healing and the mechanical conditions, which if addressed, could 
significantly aid the development of new approaches for treating large bone defects; 
leading to the aims of this research, which are outlined in Section 1.6. The chapter 
concludes with Section 1.7, which describes the structure of this dissertation.  
1.2 Current and Emerging Treatments of Large Segmental Bone Defects 
Large segmental bone defects can occur due to high energy fractures, infection, 
tumours or congenital diseases, and can take years to recover1. In each of these 
scenarios, a segmental defect is the unavoidable result of the necessary surgical 
removal of unhealthy or nonviable tissue (Figure 1-1). Where small defects and 
simple bone fractures are able to naturally regenerate given adequate stability (with 
a cast or other means of fixation), the excessive distance between the remaining, 
viable bone segments in large segmental defects prevents this from occurring. The 
precise pathway by which excessive distance impairs healing is unclear. It may be that 
soluble osseous growth factors stemming from the surrounding bone ends simply fail 
to reach the centre of the defect, and therefore fail to uniformly promote 
osteogenesis (bone formation).2  Otherwise, excessive instability, or the more rapid 
migration of fibroblasts (flexible, fibrous tissue cells) compared to osteoblasts (bone 
cells) may also contribute to the ensuing “non union” (a term describing failure to 
heal).2 Determining when a defect is large enough to be considered critical is up to 
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the judgement of the orthopaedic trauma surgeon, however in the tibia, a defect is 
typically considered critical if it exceeds 30 mm.3 Given its limited healing capabilities, 
a defect which is considered to be critically sized requires specialized treatment. 
 
Figure 1-1 Removal of unhealthy tissue due to significant trauma (left) can result in a large 
segmental defect (right), which is a significant treatment challenge. 
The current “gold standard” for treating large segmental defects includes filling 
the defect with a bone autograft (a graft from a donor bone site within the patient) 
and stabilizing the fracture with a fixation device.4 Donor sites may include the iliac 
crest of the hip (Figure 1-2, A), or if the defect is particularly large, a vascularised 
section of the resident fibula (Figure 1-2, B).5 As autografts are extracted from a 
donor site within the patient, the drawbacks of this method include limited graft 
supply as well as donor site pain, morbidity and other associated complications. 
Consequently, tissue engineering (TE) solutions are being developed as an 
alternative.  
These emerging treatments typically consist of a specially fabricated scaffold, 
which is either seeded with laboratory grown cells and/or growth factors, or filled 
with a small amount of graft material; thereby eliminating or minimizing bone graft 
requirements (Figure 1-2, C).6 The biological component helps to promote tissue 
growth, and the scaffold component provides a bridging structure for the biological 
material to cling to, which is gradually resorbed (broken down and dispersed) by the 
body. But before these novel solutions can be translated to clinic, their efficacy must 
be proven through preclinical animal trials.  
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Figure 1-2 Current treatment methods for bone defects include the insertion of ground or 
vascularised graft material extracted from the hip (A) or fibula (B). Emerging solutions include 
tissue engineered constructs, which reduce or eliminate the need for graft material (C).  
1.3 An Established Preclinical Animal Model for Trialling TE Solutions 
In 2010, the QUT research team lead by Professor Dietmar Hutmacher devised 
an ovine critical-sized tibial segmental bone defect model, for conducting preclinical 
trials of novel tissue engineered (TE) solutions.7 This model was devised after a 
preceding literature review4 concluded that most of the preclinical models published 
were not well described or standardized, and therefore difficult to reproduce. The 
significance of the established model is that it provides a clinically relevant platform 
for tissue engineered construct (TEC) efficacy trials, and given its successful 
adoption8,9, allows past and future studies to be directly compared; which is critical 
for development. Devising this model required numerous considerations (Table 1-1); 
the most significant of which included animal and specific bone choice, defect 
configuration, and the method of fixation, which are discussed here.   
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Factors Influencing Healing Practical Concerns 
 Species  
 Defect size  
 Anatomic location 
 Bone structure and vascularisation 
 Method of creation/operation 
 Presence of periosteum and adjacent soft 
tissue 
 Mechanical loads and stresses on the limb 
 Metabolic and systemic conditions 
 Fixation method/stiffness 
 Nutrition 
 Surgical accessibility and ease  
 Ease of post-operative 
observation 
 Costs of acquisition and care 
 Animal availability  
 Ethical concerns – tolerance 
to captivity, public opinion 
etc.  
 Ease of housing 
Table 1-1 Factors influencing bone healing in critical size defects, within preclinical animal models.4 
Past fracture healing studies have been conducted in various bone sites within 
a wide range of animal species.4 Smaller animals (mice, rats and rabbits) have the 
advantage of being fast healers, and are easy to house and handle. Consequently, 
smaller animals are the more practical and affordable option. However, in being so 
much smaller than humans, their clinical relevance is limited. The benefit of large 
animal studies (pigs and sheep) is their clinical relevance in terms of bone size, shape 
and loading. The pig has bone remodelling processes similar to humans, however 
these animals can be overly impractical given their large growth rate and excessive 
final body weight, and difficult to handle due to their intelligence and aggression10. 
Consequently, sheep are favoured as a more amenable option 10. 
Of the long bones found in sheep limbs, the tibia (Figure 1-3, right) is considered 
most ideal as it is comparable in shape and size to the human tibia (Figure 1-3, left), 
and is easily accessible for surgery.4 Furthermore, the direction of loading 
(predominately axial) experienced is comparable with humans.4,11 Fixation options 
for sheep tibial defects include external fixation (Figure 1-4, A) or internal fixation, 
such as intramedullary nails (Figure 1-4, B) or bone plates (Figure 1-4, C). For the 
clinical treatment of segmental defects in long bones, internal fixation is used more 
commonly than external fixation.12 The key advantage of plates over intramedullary 
nails are that they leave an open space for implantation of biomedical constructs; for 
this and other reasons described in the referenced publication7, a bone plate was 
chosen for the developed preclinical model; specifically, a stainless steel, Dynamic 
Compression Plate (DCP) (DePuy Synthes, United States).  
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Figure 1-3 Diagrams of human (left) and ovine (right) lower leg anatomy (sheep image adapted 
from www.galleryhip.com). 
       
Figure 1-4 Bone fixation methods include external fixation (A) or internal methods such as 
intramedullary nails (B) or bone plates (C) (www.aofoundation.org).  
In the original publication of the plated, ovine tibia model7, 30 mm was found 
to be sufficient distance to create a critically sized defect, however more recently a 
larger 60 mm defect has been adopted.6  These studies have shown that both a 30 
mm and 60 mm defect can be regenerated with implantation of a scaffold seeded 
with relevant growth factors (compared to the non-union resulting from empty 
defect control groups). Further animal studies using this preclinical model are 
currently underway, and the development of technologies to aid in their analysis was 
the primary focus of this research.   
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1.4 Technology Gaps in the Assessment of Healing Bone Defects 
Current bone defect analysis relies heavily on high tech, imaging and density 
based diagnostic tools for providing instantaneous assessments, such as MRI, CT, X-
ray, ultra sound and DXA scans. The limitation of these methods is that they only 
measure the density and form of the developed bone, which is not necessarily 
indicative of structural stability. As the goal of treatment is to restore the health and 
mechanical function of the affected bone, a method for quantifying the mechanical 
conditions (structural stability) of the healing bone defect would be invaluable. 
Research using animal models has the advantage of mechanical testing to determine 
the stiffness and/or strength of developed tissue, but this is restricted to ex vivo 
analysis (testing once the animal has been sacrificed). What is missing in both the 
clinical and research domains is a detailed log of healing, in terms of the progression 
and variation of the mechanical conditions as they occur in vivo (while alive).  
Current mechanobiology theories suggest that interfragmentary strain, stress, 
and fluid flow, within specific ranges and delivered at certain time points, may 
influence tissue differentiation11; however such theories are difficult to validate given 
current limitations for measuring internal mechanical parameters. Without knowing 
the precise mechanobiological processes, experimental studies have demonstrated 
that fixation stiffness13,14, defined deformation15–17 or loading18–21 regimens, and 
interfering with the animal’s ability to weight bear22–24 can affect healing outcomes; 
leading to the general consensus that the mechanical environment is an important 
factor in bone healing. As the mechanical environment can poorly be controlled, what 
is missing in preclinical bone healing studies is a method for monitoring and 
characterising the day-to-day variations in the mechanical environment which occur 
throughout the course of healing.  
A method for continuously monitoring and observing healing progress is critical 
to understanding in more detail how successful healing progresses, and determining 
when deviations from successful healing patterns occur and interventions may be 
required. Therefore, the first aim of this research was to establish a method for 
monitoring healing of large bone defects, with respect to the established animal 
model (described in Section 1.3). A method for monitoring and characterising the 
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mechanical environment is crucial for understanding the environments under which 
successful or unsuccessful healing occurs. Therefore, the second aim of this research 
was to develop a method for characterising the mechanical environment in the 
described animal model; with the third aim being the application of the two 
developed methods in a pilot study of the described preclinical animal model. 
1.5 Aims & Methodology 
The aims of this research are as follows: 
1. Establish a method for monitoring the healing progression of large bone 
defects in a preclinical ovine model. 
2. Develop a method for in vivo monitoring and characterisation of the 
mechanical environment in a preclinical ovine model. 
3. Apply the developed methods in a preclinical ovine model. 
This research includes a literature review, followed by the development of 
methods for monitoring and characterising healing and the mechanical environment, 
and the application of these methods in a preclinical animal study (Figure 1). The 
parameters selected for characterising healing and the mechanical environment and 
the proposed approaches for monitoring these parameters are highlighted in Section 
2.6 of the Literature Review.   
 
Figure 1-5 A summary of the methodology used in this dissertation. 
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Chapter 2: Literature Review 
2.1 Overview 
This Literature Review is an adaptation of a recently accepted publication25, 
which was primarily written and researched by the author of this thesis. Section 2.2 
introduces the significance and purpose of the review with respect to preclinical 
models for bone tissue engineering. Section 2.3 discusses the fundamentals of bone 
regeneration and the mechanical environment, and Sections 2.3 and 2.4 discuss the 
various options for monitoring healing and characterising the mechanical 
environment. Section 2.5 summarises key findings and makes subsequent 
recommendations with respect to achieving the aims of this research.  
2.2 Introduction 
Large segmental bone defects are difficult to treat and fail to heal on their 
own.26,27 Graft material is currently used to fill the defect and support regeneration, 
but is in short supply and associated with considerable donor site morbidity.28 Tissue 
engineering (TE) approaches promise an alternative but prior to clinical translation, 
newly developed TE strategies must first be proven in a suitable preclinical animal 
model. Large animals, typically sheep, because of their comparable anatomy and 
bone metabolism are suitable to develop models of high clinical relevance (compared 
with small animal models).4 It is a condition sine qua non that the efficiency and 
efficacy of the TEC is compared against the “gold standard” autologous bone graft 
(ABG).  
Assessment of bone regeneration in the defect and restoration of load bearing 
function is determined at a study end point (i.e. 12 months) by ex vivo biomechanical 
testing. Additionally, computed tomography and histology may be conducted to 
assess the quantity and quality of the newly formed bone. Whilst biomechanical 
testing at a study end-point can demonstrate that the regeneration in the defect is 
superior, equal or inferior to the “gold standard” in terms of strength and stiffness, it 
provides no measure of any changes in the trajectory of healing. This is particularly 
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important when determining not just a substitute for bone graft but the most 
effective TE strategy. Monitoring the progression of healing is limited to longitudinal 
x-rays at defined time points. However, x-rays provide no measure of recovery of load 
bearing function. Intermediate time points for sacrifice can be performed to evaluate 
healing biomechanically at earlier time points and define a time course of functional 
recovery, but will significantly increase the cost, time and effort to conduct preclinical 
studies. Therefore, the possibility to monitor in vivo the recovery of mechanical 
function represents a significant improvement in the value of preclinical trials of TE 
strategies. 
Monitoring healing progression reveals healing events as they occur over time, 
allowing the healing rates to be detected. It also illustrates whether healing patterns 
between or among groups are the same or different, and the nature of these 
differences. For example, healing monitors could demonstrate which groups healed 
faster or slower (Figure 2-1, left), or if certain treatments created in different shaped 
(non-sigmoidal) healing curves. At the individual level, a healing monitor could reveal 
periods of slowed healing or a sudden decline in tissue quality indicating a disruptive 
event (Figure 2-1, right). 
 
 
Figure 2-1 The presented tissue stiffness against time plots have been created for demonstrative 
purposes only and do not represent real data; however, the general sigmoidal trajectory is 
representative of clinical findings.29 The example stiffness curve of healing bone tissue on the left, 
demonstrates that capturing healing progression over time would allow the rate of healing to be 
determined; this example plot shows that Group I reached its final stiffness value much sooner 
than Group II, yet the results at the sacrifice point are the same. The example stiffness curve on 
the right demonstrates how abnormal processes could be determined. This example plot shows 
that Animal B experienced a period of slowed healing (the plateau in the middle of the curve), 
resulting in a less stiff fracture than Animal A at the final time point 
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An awkward foot fall for example may be enough to disrupt bone healing, as 
might the overall tendency to be more or less physically active. Whilst every attempt 
can be made to ensure standardisation and reproducibility with respect to the 
surgical procedure and fixation, the activity of the animal can hardly be controlled. 
Whilst some degree of variability in healing outcomes may be attributed to genetic 
differences or minor surgical variations the portion attributable to differences in 
activity and mechanical environment is less well understood. Means to measure the 
animal activity and loading history could provide insights into whether statistical 
outliers in healing are a result of “abnormal” loading patterns rather than the 
performance of the TE construct. 
Over the last decades a number of methods for monitoring the progression of 
bone healing and characterising the mechanical environment have been developed. 
However, many of the methodologies have been too cumbersome to implement on 
a wider scale. The rapid development of technology, particularly in the field of 
microelectronics, sensors, batteries and wireless communication, highlights the need 
to explore past and emerging technologies to identify feasible solutions. This 
dissertation reviews previous methods and proposes an approach toward developing 
and implementing a system to monitor the progression of healing and characterise 
the mechanical environment in preclinical TE studies. 
2.3 Bone Regeneration and the Mechanical Environment 
Disruption to the continuity of the bone, whether by trauma, tumour or 
infection, results in an impaired ability of the bone to bear and transfer load as is 
required for skeletal movement. Bone regeneration therapies seek to aid in the 
restoration of load bearing function. Therefore, in monitoring the progression of 
regeneration and healing the mechanical integrity of the defect is the parameter of 
primary interest. One of the most complex factors contributing to tissue 
development and the resulting mechanical properties of the healing defect is the 
mechanical environment.  
The mechanical environment can be described at the body level right down to 
the tissue and cell level (Figure 2-2). At the body level, the frequency and types of 
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activities (standing, walking, postural changes etc) are considered. At the limb or 
bone level, each activity produces forces acting on the bone (i.e. a combination of by 
muscle, joint and ligament, and ground reaction forces), with varying magnitude, 
direction and rate of loading. The resultant load and deformation of the bone 
fragments, defines the boundary conditions of the bone defect, which create 
mechanical stimulus (strain, pressure, fluid flow, etc.) within the internal tissues that 
can impact cell function.30  
There is also a relationship between the stiffness of the healing defect and the 
mechanical environment which can be described as a feedback loop (Figure 2-2). A 
change in the overall rigidity of the defect site, feeds back into the mechanical 
environment with respect to the how much movement is created within the defect 
in response to load. Furthermore, increased stability may encourage the animal to 
increase weight-bearing activities thereby increasing the frequency and possibly 
magnitude of the loads applied.  
 
Figure 2-2 The mechanical environment can be described by animal activity, the consequential 
limb loading and boundary conditions of the defect, and the resulting mechanical stimulus in the 
tissue. The mechanical stimulus affects tissue growth, which in turn may influence activity  and the 
boundary conditions of the defect, thereby creating a feedback loop 
These relationships can also be used to capture the progression of healing itself, 
as both the biomechanical properties and mechanical environment change uniquely 
with time. The mode of healing will depend on the site of the defect or fracture, the 
extent of the damage, degree of (or potential for) vascularity and the mechanical 
environment.31 The natural healing response in non-critically sized defects is a well 
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defined  progression of overlapping stages31,32, roughly categorized as inflammation, 
repair and remodelling (Figure 2-3). 
When bone is damaged the area swells, attracting cells which proliferate 
according to the environmental stimulus; primarily mechanical stimulus and blood 
supply. Inflammation is followed by formation of woven callus (first soft, then hard) 
consisting of fibrous and cartilaginous tissue, which stabilizes the area. Once 
sufficiently stabilized, bone tissue will form from within the callus. Following bony 
bridging, remodelling and resorption dominates the activities in the callus until the 
bone is completely reformed.32  
  
Figure 2-3 Secondary bone healing: a sequential process from haematoma (1) to soft (2) and hard 
callus (3) formation with bony bridging (3), followed by bone remodelling (4). 33 
The healing pathway of large segmental bone defects augmented by a tissue 
engineering approach will depend on the biological and mechanical components of 
the particular intervention. However the basic repair and remodelling phases by way 
of gradual development of increasingly more stable tissues is comparable. As healing 
progresses, mechanical properties increase, tissue deformation decreases, load 
distribution shifts from fixation to healing bone, and limb loading increases as gait 
returns to normal (Figure 2-4). Theoretically, either one of these parameters could 
be monitored to assess healing progression. However, practically the mechanical 
stimuli in the tissue cannot be measured in vivo. Within this literature review, 
methods for monitoring stiffness, tissue deformation and limb loading are reviewed 
for their potential to monitor healing progression. Following methods for monitoring 
healing, methods for monitoring the mechanical environment in terms of tissue 
deformation, limb loading and activity are also explored. 
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Figure 2-4  The healing tissue develops from the early stages of fibrocartilaginous  callus (purple) 
(phase 1), to woven bone (yellow) (phase 2), and eventually remodelled bone (beige) (phase 3). As 
the healing tissue stiffens over these three phases, IFM decreases and load distribution shifts 
towards the healing tissue. 
2.4 Monitoring Healing Progression 
2.4.1 Stiffness 
Stiffness describes a material’s resistance to deformation under an applied 
load; greater stiffness equates to greater resistance to deformation. Tissue stiffness 
is important in bones with a load bearing function and has been shown to increase 
within healing tissue as bone healing progresses.34–39 Monitoring stiffness has been 
performed in numerous fracture healing studies to investigate healing progression 
and in an attempt to determine a healing endpoint.29,34–36,38–46 Methods for 
measuring stiffness have been classified as either direct or indirect methods.47 
Direct methods typically measure fracture stiffness using a goniometer device, 
where fixation is removed during measurement and refixed afterwards. The 
goniometer measures the angle of deflection (θ) in the callus under an applied 
bending moment (F x L), allowing stiffness (k) of the healing callus to be calculated.29 
This device has been used in a number of studies attempting to identify an end point 
to fracture healing.29,34,36,37,40,44 From stiffness measurements of over 200 human 
tibial fractures, Richardson et al.29 were able to clearly demonstrate the potential of 
using regular stiffness measurements to capture healing progression. Plotting the 
stiffness against time reveals a sigmoid shaped curve for normal healing.29 Stiffness 
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initially increases gradually followed by a sharp increase before a plateau as the 
defect is bridged.  
Indirect methods determine stiffness as a function of fixator loading utilizing 
the load-sharing concept. This concept has been described by Evans et al.43 & 
Cunningham et al.35: considering the fractured bone and fixation device as a loaded 
system i.e. loading will be shared between bone and fixation. Cunningham idealizes 
this bone-fixator system as two springs placed in parallel. As the fracture zone heals, 
the tissue stiffens allowing greater load to be taken by the healing bone and reducing 
the proportion of load taken by the fixation device. In practice, a sensor or transducer 
(e.g. a strain gauge, load cell or displacement transducer) is applied to the fixator to 
measure fixator loading, from which the stiffness of the healing bone may be 
calculated. Tissue stiffness (KT) is a function of applied load (P), fixator stiffness (KF) 
and fixator reaction force (RF) or deformation ().43 The applied load is either 
controlled or measured, fixator force or deformation is measured by a 
sensor/transducer attached to the fixator, and fixator stiffness is determined before 
use. Tissue stiffness is thereby indirectly derived through Equation 2-1. 
𝐾𝑇 =  𝐾𝐹 (
𝑃
𝑅𝐹−1
)  Equation 2-1 
A limitation of this theory is the assumption that the loaded bone construct will 
behave in a purely linear-elastic manner. Biological materials such as bone are known 
to be viscoelastic, which means they have non-linear and time dependent responses 
to deformation. Viscoelastic materials are typically identified by hysteresis loops 
(where the loading and unloading curves do not coincide) (Figure 2-5, A), and tend to 
behave more stiffly under higher loads and/or strain-rates (Figure 2-5, B) i.e. they 
have a non-constant stiffness response. Furthermore, the signal noise created by any 
flexibility within the construct (e.g. at the interfaces between bone, plate, and 
screws) will make tissue defect stiffness below a certain threshold undetectable. 
Although the precise functional relationship between strain output and tissue 
stiffness would be difficult to define, it is still reasonable to expect that past a certain 
threshold, as material stiffness increases, strain gauge output should decrease. 
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Figure 2-5 Demonstration of the stress-strain relationships of viscoelastic materials (green) 
compared with elastic materials (purple). 
Burny et al.48 applied indirect methods to characterise the progression of 
healing. By measuring fixator rod (external) deformation over healing time, they 
could characterise patterns associated with normal healing as well as identify 
abnormal progress (e.g. slow, delayed or arrested etc.). The same principle has been 
adapted for internal fixation, similarly showing the ability to identify normal and 
delayed healing.49 
Comparing the two discussed approaches to stiffness measurement (indirect 
and direct), Richardson29 commented that the direct method was preferred because 
its accuracy was less disturbed by pin loosening; as the goniometer is highly flexible, 
displacement from loose pins becomes relatively small. However, goniometer 
devices are highly dependent on accurate set-up, particularly as these devices have 
to be reattached and configured for each measurement.44 Having to remove the 
fixator to take measurements, and the care required during set-up suggests that 
goniometers would be impractical for preclinical animal models.  
The reliability of stiffness measurements – for both direct and indirect methods 
– is also affected by the unique variations in properties of healing tissue over time. 
Healing not only evolves from weak and flexible to strong and stiff, it also changes 
from fluid-like (sensitive to load rate) and plastic (vulnerable to permanent 
deformation) to rigid and elastic (able to recover from deformation) with time. This 
means that stiffness results will vary with load-rate, and measurements (which 
require bending the healing bone tissue) may damage the tissue during the early 
stages of healing.45,50 Stiffness results under bending may also differ across different  
measurement planes due to asymmetry in the developed healing tissue.37,45 
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Consequently, stiffness measurements will be most effective under a consistent load-
rate, relatively high and consistent load and with multi-planar measurements. 
With respect to load consistency, a known quantity of load is typically applied 
when taking goniometer deformation measurements (the direct method). 
Instrumented fixator measurements (the indirect method), however, are often taking 
during a specified activity such as walking. If this is the case, care must be taken with 
respect to the interpretation, because the degree of weight bearing and muscle 
contraction may not be consistent i.e. limping during the early stages of healing is not 
uncommon. The best practise would be to combine displacement measurements 
with ground reaction force measurements to determine any unloading of the limb.  
These points considered, the accumulative advantages and disadvantages of 
direct and indirect methods are outlined in Table 2-1. Overall, the direct approach is 
possibly more accurate (when performed correctly) but appears impractical. The 
indirect approach is far more practical and can be used at earlier time-points, as it is 
less damaging to the healing tissue. While the healing of large segmental bone 
defects augmented by a tissue engineering approach occurs via a different 
mechanism than a fracture, it is expected that the same principal (increasing stiffness 
with healing) would also hold for critical sized defects. However, whether the 
stiffness curve would take the same characteristic sigmoid shape is yet to be 
determined. 
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 The fixator can remain in place, 
therefore the callus is protected. 
 Can measure at any time during 
healing. 
 More flexible than fixator therefore more 
accurate measure of stiffness. 
 More reliable measure of stiffness i.e. is 










 Sensitive to pin loosening. 
 May oversimplify the load-sharing 
situation (ignores contributions 
from surrounding muscles and 
soft tissues).  
 Set-up errors may lead to inaccuracies.  
 Less practical – requiring removal of 
fixation which may require animal 
sedation. 
 For externally fixated fractures only  
 Cannot be used in the early stages of 
healing i.e. tissue is too fragile.  
 Can damage the fracture zone  
 Difficult to measure/control measurement 
plane and strain-rate. 
Table 2-1Indirect versus direct methods for monitoring stiffness. 
2.4.2 Deformation 
A change in mechanical integrity will also result in a change in the deformation 
behaviour of the defect. Stiffness is the ratio of load to deformation (k = F/), 
therefore the change in deformation will be inversely proportional to the change in 
stiffness. Consequently, if bone healing is assessable by change in tissue stiffness, it 
is also assessable by change in defect deformation. Among fracture healing studies, 
deformation has most commonly been measured in vivo to investigate the effect of 
the mechanical environment on healing.13,46,51–61 In these studies, deformation of 
osteotomised gaps – the defect configuration most typically used in fracture healing 
research – was measured in terms of inter-fragmentary movement (IFM). IFM is a 
measure of the relative motion of the fracture fragments. 
Claes et al.52 used IFM to document the healing progress in osteotomised sheep 
tibiae – finding a decrease in IFM in all animals during the observed healing period. 
Deformation of the defect was measured indirectly via a linear variable displacement 
transducer (LVDT) embedded in an axial telescoping fixator. Generally however, 
when IFM is being referred to, it’s a more comprehensive analysis of the combined 
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shear and axial movements and the bending and torsional rotations. This requires 
measuring the translational displacement in three orthogonal directions and 
rotational displacement about three orthogonal axes (6 degrees of freedom). 
Displacement transducers with 6 degrees of freedom do exist, and have been used 
to monitor IFM62,63, other studies have used the optical tracking 
approach13,54,56,57,64,65. Optical tracking detects the movement of reflective markers 
attached to the bone via bone pins, capturing 6 degrees of motion. Although able to 
track motion dynamically, the optical tracking method is restricted by the relatively 
small field of view of high sensitivity (± 0.1 mm) motion capturing systems, which 
means that motion cannot be tracked for an entire gait or successive gait cycles. This 
limitation can be overcome by training the animal to walk on a treadmill so that 
dynamic movement can be captured while the animal is in place; however treadmills 
pose an additional expense. 
A third, but not widely used method for measuring IFM is Röntgen stereophoto-
grammetric analysis (RSA).66–69 RSA locates implanted markers (tantalum beads) 
radiographically, so that for example movement between bone fragments pre and 
post load may be established. The major limitation of RSA is that it cannot track 
dynamic motion. An advantage of RSA is that it does not require transcutaneous bone 
pins to attach optical markers or displacement transducers which can be a source of 
infection and require routine pin-site cleaning. 
Deformation measurements [when not coupled with ground reaction force 
(GRF) measurements] rely on the assumption that the internal loading of the affected 
limb is comparable each time they walk; however animals are likely to walk in a 
manner that reduces internal (possibly painful) loads during the earlier stages of 
healing, and often do not return to full weight bearing for weeks or months post 
surgery depending on the size of defect and the regeneration potential of the bone 
graft. Hence, the data set acquired before the animal goes into full load bearing 
should be carefully interpreted. Furthermore, due to the small (micrometer) scale of 
these movements, they require high accuracy systems, which are difficult to optimize 
and maintain. Moreover, current approaches only consider a few discrete time-
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points for conducting the measurements. Under such conditions, variances in limb 
loading could give rise to substantial variation in the recorded outcome measures. 
2.4.3 Limb-loading 
Limb-loading is related to stiffness in that the animal will alter the way it loads 
its limb according to the pain response associated with an instable defect. As the 
tissue stiffens the limb becomes more stable and the animal is more inclined to use 
the limb. Consequently, limb-loading habits may indicate the healing course of bone 
defects. Limb-loading is typically assessed by the measurement of the ground 
reaction forces (GRF) of the limb in question during walking across a force plate or 
pressure sensitive platform. GRFs can also be measured from portable devices 
involving pressure sensors attached to the foot – as was demonstrated in a small 
patient trial.70 Essentially, GRFs indicate the external force experienced by the limb 
as the animal walks – which will vary depending on gait. For instance, the magnitude 
of external loading typically decreases in the affected limb (as compared to the 
contralateral) if the animal limps as compared to a normal gait.64  
The major critique of monitoring healing through GRF’s is that load bearing is a 
voluntary action subject to the animal’s individual response and adaption to pain, 
consequently it is unclear how reliable a GRF measurement is in reflecting the actual 
state of the healing tissue. Seebeck  et al.64 is one of the few who have examined the 
relationship between the condition of the healing tissue and limb loading. Seebeck 
assessed limb-loading and IFM weekly in a sheep tibial study, using a pressure 
sensitive platform and optical markers (Figure 10).64 It was found that the recovery 
of weight bearing was correlated with the course of callus mineralisation and 
therefore reflected stiffness recovery. Similar findings have also been found 
clinically.70–72 Hence, limb-loading measurements could be a useful approach to 
monitoring healing progression.  
2.5 Characterising the Mechanical Environment 
Adequate blood supply and a stable mechanical environment are essential for 
bone healing. The healing outcome is sensitive to the magnitude, frequency, 
direction, rate, number of cycles and timing of the mechanical stimulus.11 Sensitivity 
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to mechanical stimulus has been shown with the application of defined 
deformation15–17 or loading18–21 regimens and by interfering with an animal’s ability 
to weight-bear22–24. Mechanobiology is the study of how mechanical stimuli influence 
biological processes. During bone regeneration, the local mechanical environment 
influences the proliferation and differentiation of repair tissue. Therefore, 
characterising the mechanical environment may help to explain variability in the 
results of preclinical studies and identify loading behaviour conducive or disruptive 
to healing. Methods for characterising the local mechanical environment are 
discussed here.  
2.5.1 Mechanical Stimulus 
The local mechanical environment (strain, pressure, fluid flow, etc.) is the most 
direct measure of the mechanical stimulus. However, a direct measure of mechanical 
stimuli in healing tissue is difficult to achieve, the most significant issue being that the 
measurement transducer interferes with healing. Insertion of probes into healing 
tissue can cause localised bleeding and inflammation which initiate a signalling 
cascade of growth factors that can influence repair. If probes are left in place they 
can initiate a foreign body reaction resulting in fibrous encapsulation of the sensor, 
this both changes the responses in the healing tissue and isolates the probe from the 
intended measurement environment. Pressure probes have been used to measure 
the pressure fluctuations in a healing callus during gait in sheep.73 Whilst a strong 
correlation was found between the pressure fluctuation and the interfragmentary 
movement, the magnitude of the pressure is highly dependent on the position of the 
probe within the callus. The distribution of mechanical stimuli within the healing 
tissue is highly inhomogeneous. The point wise information collected by probes is 
therefore not sufficient to describe the complex spatial distribution of mechanical 
stimuli in a defect. 
2.5.2 Deformation and Loading 
In the Monitoring Healing Progression section, methods to measure the 
deformation (IFM) and limb-loading (GRF) were described. These same methods have 
also been applied to characterise the mechanical boundary conditions in the defect 
and loading at the limb level respectively.13,56,57,64 Although these methods have the 
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potential to provide useful information at the level of the defect, their application is 
limited due to the time-intensive nature of a measurement session. Hence, 
measurements are typically limited to one activity (i.e. gait) and performed once per 
week. This approach assumes that the magnitude of IFM during gait and the related 
mechanical stimuli are the principle drivers of tissue development. Whilst gait may 
be the most frequently occurring load activity, there are other activities that may 
create higher loads such as running, jumping etc. These methods do not therefore 
characterise the entire load history, which includes the full spectrum of activities as 
well as their frequency. 
2.5.3 Activity  
Another approach for characterising and monitoring the mechanical 
environment would be to monitor activity. Assuming fracture sizes and fixation 
devices are the same, the mechanical environment created by the activities of 
individual animals should be comparable. So if the precise IFM/load details are not 
important to the study, measuring activity could achieve the stated aims: namely to 
identify variability in the mechanical environment and identify both helpful and 
damaging loading behaviours.  
Compared with limb loading and deformation measurements, activity 
monitoring may be far more practical for characterising the load history. Animal 
activity can be defined and measured in multiple ways. It can be described by a basic 
activity count (e.g. distance travelled or steps taken) or with respect to specific 
activities e.g. time spent walking, sitting, standing. Counting the distance travelled or 
the number of steps taken is much simpler than characterizing specific activities. The 
most suitable method for achieving such a count will depend on the type (outdoor or 
indoor) and amount of space the animals are confined to. 
Activity monitoring is easily applied in fracture healing studies on small animals 
(i.e. rats). Laboratory cages can be equipped to quantify movement using infrared 
sensors74–77 or Radio frequency identification devices (RFID)75. Using infrared sensors, 
an activity count is registered each time the animal crosses a photo-beam. A reading 
is made when the RFID tags on an animal comes within range of a RFID reader. RFID 
readers have been used to monitor wild animals and livestock.78 However the 
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requirements for characterising grazing patterns and migration are different to those 
of capturing activity or load history. Using RFID to track activity in larger outdoor 
spaces requires multiple readers being installed within the animal yard, which may 
be impractical. An indoor cage makes power, data storage and maintenance 
requirements less of an issue. The greatest benefit of monitoring the activity of 
animals confined to a lab is that they may be monitored by instrumenting the 
environment rather than the animals. When it comes to larger spaces, it is more 
feasible to utilize devices that are fixed on the animal. 
Large animals are sometimes kept outdoors in fenced yards. Measuring the 
activity count of animals in these situations requires independent devices that can be 
attached to the animals preferably for extensive periods of time. Such devices must 
be robust, low maintenance and require long battery lives and a sizeable storage 
capacity to support long recording times. One approach to monitoring animal activity 
within large, outdoor spaces is to measure the distance travelled. This may be 
achieved using Global Navigation Satellite Systems [GNSS, which is the generic term 
for the Global Positioning System (GPS) specific to the United States]. GNSS receivers 
commonly found in smart phones and navigation devices, use satellites to locate 
positional coordinates, from which Geographic Information System (GIS) software 
can analyse and map geospatial data. This approach has been used for ecological 
research79–81 and livestock studies80,82. The number of steps taken is another useful 
activity count, which may be obtained from pedometers (also available in a variety of 
forms) – provided it can be shown that such devices can accurately count the steps 
of animals. 
General activity counts could indicate whether Animal A was more active than 
Animal B, inferring that the bone defect in Animal A was stimulated more frequently. 
However, this method cannot differentiate between different magnitudes of loading 
– which is considered by some to be more influential on healing.21,32 For instance 
changes in gait or other activities (jumping, standing or sitting) cannot be captured, 
which create different loads to normal walking – as has been shown in humans.83,84  
Accelerometers are the most widely used devices for profiling daily activities, 
used in both animal research85–87 and for human activity profiling85,88–91. Modern 
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accelerometers measure acceleration in three planes, and being small and light-
weight can be attached to the body to capture movement and posture. The resulting 
data requires processing through post-processing algorithms in order to characterise 
various activities. Classification algorithms need to be species specific, as acceleration 
patterns will differ between different kinds of animals (e.g. bipeds versus 
quadrupeds). An accelerometer based system designed specifically for monitoring 
sheep could provide valuable insight into animal activity in preclinical models for 
bone tissue engineering.  
2.6 Conclusions and Recommendations 
Preclinical studies investigating TECs in bone defects could be enhanced with 
the introduction of methods for monitoring healing progression and characterising 
the mechanical environment. Monitoring healing progression could reveal the overall 
healing patterns of individual animals, including the healing rate and any 
complications which may occur. This would be particularly useful for understanding 
the real-time effects of a particular TE strategy, and in explaining variations in final 
healing outcomes.  
Of the various methods available for monitoring healing, the indirect approach, 
whereby healing is monitored through instrumented fixation was considered the 
most viable. To achieve this, the most pragmatic approach would be to develop a 
device which could transform current fixation devices into measuring tools. Given the 
fixation device used in the established preclinical model (outlined in Section 1.3) is 
the dynamic compression plate (DCP), it was recommended that this research focus 
on transforming the DCP into a tool for monitoring healing.  
Interpreting healing results could be further improved by characterising the 
mechanical environment. Such characterisation whilst also monitoring healing, could 
demonstrate how the mechanical environment influences the healing process. It may 
explain whether differences in daily activities result in different healing outcomes; 
which is yet to be established in TE studies. Monitoring the mechanical environment 
may also permit incidences of extreme loading to be captured i.e. a sudden fall may 
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result in a re-fracture. Monitoring both the mechanical environment and the healing 
process would allow this event to be captured.  
To characterise the mechanical environment, a worn activity monitoring 
system is preferred. With recent advances in microchip technology and sudden 
onslaught of health and fitness monitoring devices, this is now more achievable than 
ever. The primary challenge lies in adapting these methods for sheep, rather than 
human activity. Therefore, in order to characterise the mechanical environment of 
the described preclinical model, it was recommended that this research focus on 
developing a sheep activity monitoring system.  
By incorporating these recommendations, the aims of this research were 
revised (highlighted in bold) as follows:   
1. Establish a method for monitoring the healing progression of large bone 
defects in a preclinical ovine model, by instrumenting the dynamic 
compression plate. 
2. Develop a method for in vivo monitoring and characterisation of the 
mechanical environment in a preclinical ovine model, by developing a sheep 
activity monitoring system.  
3. Apply the developed methods in a preclinical animal model. 
The following three chapters describe the research undertaken to achieve these aims.  
  
Instrumentation of the Dynamic Compression Plate 25 
Chapter 3: Instrumentation of the Dynamic 
Compression Plate 
3.1 Overview 
This chapter describes the development of a method for monitoring the healing of a 
large bone defect in a sheep animal model, through instrumentation of a dynamic 
compression plate. Section 3.2 introduces the purpose and significance of the work 
covered in this chapter including a description of the specific plate-defect model of 
interest. Section 3.3 reviews current approaches for instrumenting implants, 
identifying those with the greatest potential for monitoring healing. Section 3.4 
examines the feasibility of instrumenting the specific defect model outlined in Section 
3.2, through mechanical testing and analysis. Section 3.6 describes the fracture 
monitor developed in collaboration with the AO Research Institute, Davos (Davos 
Platz, Switzerland). Finally, Section 3.6 summarises the developed approach, 
discusses its benefits and limitations and makes future recommendations. 
3.2 Introduction 
Chapter 1 established a significant technology gap with respect to methods for 
monitoring bone healing, and Chapter 2 (the Literature Review) described the various 
methods which have been explored, identifying instrumented fixation as the most 
promising approach; therefore, this chapter focuses on the integration of 
instrumented fixation in an established preclinical defect model. The principle behind 
instrumented fixation is that the change in implant strain or deformation response 
reflects the mechanical stability of the healing defect. Applying load sharing principles 
to the relevant, segmental defect model (described in Chapter 1), any load 
experienced by the osteotomized bone will be shared between the DCP and the 
combination of the implanted TEC and any healing tissue developed within it. It is 
expected that initially most of the load will be carried by the much stiffer plate (Figure 
3-1, 1). Once significant tissue bridging has occurred, the load-sharing ratio should 
begin to shift toward the healing tissue (plus what remains of the TEC) (Figure 3-1, 2), 
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and continue to do so until the defect is completely healed (Figure 3-1, 3), at which 
point load sharing stabilises.  
 
Figure 3-1 Three stages of healing of a large segmental tibia defect treated with a TEC insert and 
DCP fixation: as the healing tissue develops toward its eventual healed state (from 1 to 3), the 
defect site becomes more stable, resulting in reduced IFM and an increased share of the applied 
load. 
In small defect studies, the healing pathway (in terms of tissue stiffness) follows 
a sigmoid curve35–38; including an initial lag phase (phase 1), an exponential phase 
where significant tissue growth and improved stability occurs (phase 2), and a steady 
state phase (phase 3) once the regenerated tissue regains stiffness properties 
comparable with intact bone (Figure 3-2, dotted green line). The strain or 
deformation within an instrumented fixation device, has been shown to reflect this 
pathway48,49,92, decreasing as tissue stiffness increases (Figure 3-2, solid green line). 
With respect to the large defect model, it is expected that the defect will follow a 
similar healing pathway, which could be captured by instrumenting the dynamic 
compression plate (DCP). The process of instrumenting the DCP, including a review 
of past devices and a feasibility demonstration are described here.     
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Figure 3-2 Non-critical sized defects have been found to follow a sigmoid shaped increase in 
stiffness over time due to healing35–38 (dotted line), and instrumented plates have been shown to 
reflect this pathway48,49,92 (solid line).  
3.3 A Review of Instrumented Internal Fixation 
Both fracture fixation (plates and nails)49,92–98 and joint replacement implants99–
104 (shoulder, hip or knee) have been instrumented in the past to monitor healing 
and/or internal loads, or investigate implant stability. Regardless of the aim, the 
general approach to instrumentation and data collection tends to be the same. 
Essentially, the implant is instrumented with relevant sensors, such as strain gauges 
or displacement transducers before being implanted into the subject. Measurement 
sessions are then held throughout the healing period to acquire data telemetrically 
using an external reader device, which connects to a computer for data analysis 
(Figure 3-3). 
 
Figure 3-3 A schematic of how instrumented fixation works with an animal model: a sensor on the 
implanted fixation device is powered and read with an external reader using RF transponder units. 
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The sensor unit typically includes a primary sensor (commonly strain gauges) as 
well as signal processing and telemetry elements. Signal processing units contain 
conversion circuits (converting the sensor output to a more convenient form e.g. 
strain to voltage) and microcontrollers for basic signal processing (filtering, 
amplification and analogue to digital conversion). The telemetry unit most often 
consists of a near field radio frequency (RF) emitter/receiver and transponder coil 
(antenna) for signal transmission. All elements of the internal sensor unit must be 
coated or encased in some form of biocompatible material to prevent biological 
interaction with the body.  
Data is transmitted between the sensor unit and a reader device (equipped 
with compatible telemetry elements) by way of inductive coupling. By positioning the 
devices within a few centimetres of each other, the magnetic field emitted by the 
reader is picked up by the antenna in the sensor (Figure 3-4). This magnetic field 
induces a current through the antenna coil, activating the sensor’s transponder unit. 
The received signal is then modulated by the radio frequency identification (RFID) 
chip and fed back to the reader, thereby creating a link for data transfer. The reader 
is usually connected via a cable to a computer equipped with relevant application 
software to extract/analyse data and driver software to write commands.   
 
Figure 3-4 Electromagnetic induction allows wireless power and data transfer between reader and 
sensor devices. 
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If the reader is the only source of power the device is considered passive, 
whereas an active design includes an internal battery. Being independently powered, 
active devices have the advantage of continuous operation, so given a memory 
element for data storage they can build a data log. Throughout the literature 
however, there is a notable lack in active designs. Of the most recent developments 
in instrumented fixation (post 2000’s), only one of the designs92 was active (Table 
3-1). Driven by the desire to reduce implant bulk and complexity, Ledet et al.105 
describe an evolution of implantable sensors that moves away from the active 
devices of the 1990’s and toward completely passive designs using resonant-based 
sensor technology. This evolution favours those aiming for clinical application and 
commercialisation with respect to ease of obtaining approval. Whether a passive or 
active approach is best suited for this research requires consideration of their 
application in a large animal study.   
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Reference System Description Power 
Windolf92 
 
Custom fixator with miniature linear variable differential transformer 
(LVDT) displacement transducer, with ultra-low power microcontroller 




Plate instrumented with passive wireless resonant sensor (rectangular 
coil on top of magnetostrictive Galfenol layer) attached to the plate 





Custom plate with a strain gauge bridge mounted on titanium internal 
fixator, connected to an on board microprocessor and coil for energy 
and data transmission, encapsulated in epoxy resin. Data is transferred 




Plate instrumented with a “Wireless Implantable Passive Strain 
Sensor” (WIPSS), comprised of a reservoir of incompressible liquid 
which is expelled into micro-channel upon load. Ultrasound measures 




A nail instrumented with orthogonal strain gauges on the inner surface 





Nail instrumented with semiconductor strain gauges, circuitry, and 
enamel copper coil, encapsulated in the recess of the anterior nail 
surface with epoxy resin. Supplies power and transfers data 
inductively. 
Passive 
Schneider97 A nail instrumented with strain gauges, a power and transmission 




Custom nail plate with strain gauges, on board controller, RF data 
transmitter. Separate receiver (RF) and power driver (inductive 
coupling). 
Passive 
Table 3-1 A summary of instrumented plates and nails designed for monitoring fracture healing.   
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3.3.1 Considerations for Application in an Animal Study 
One of the disadvantages of using a passive, non-logging system in a large 
animal study, is that it also requires a simultaneous measurement of internal bone 
loading for the sensor responses to be comparable. Ground reaction forces (GRF) are 
currently one of the most representative measures of external loading which 
imperfectly correlate with internal bone loading, however obtaining such 
measurements would require either regularly transporting the animals to a gait lab 
facility, or developing a system for measuring limb load at the animal facility itself. 
Active data logging on the other hand, can provide a large data set from the loading 
that occurs during normal daily activities, which Windolf et al.92 found could be 
averaged out to provide a good representation of healing. If the active method were 
adopted, the findings of Windolf and colleagues could be further investigated using 
the designed activity monitors (Chapter 4).  
The other main disadvantage of passive systems is that the collected data is 
limited to the intermittent information obtained during measurement sessions. The 
purpose of the required monitoring method is to provide a comprehensive log of 
healing progression, so that fluctuations or disruptions in healing can be captured in 
near real time, and to do this using a passive device would require impractically 
frequent measurement sessions. With an active approach, data can be logged 
continuously and collected over larger time intervals, providing a more 
comprehensive data set and reducing animal contact time. A further advantage of 
the active approach is that it can also be used to characterise the mechanical 
environment by logging loading magnitudes and cycles. These results could be 
compared with activity monitoring results to examine the relationship between 
loading and activity. Based on these considerations, the active data logging approach 
was further explored.  
One key design requirement of the measurement device was that it needed to 
be added or fixed to the DCP without affecting its mechanical integrity. This could be 
achieved by attaching sensors to the surface of the plate, as done by Seide et al.49 
and Sauer et al.93.  Considering displacement, strain, and pressure based sensor 
options, strain gauges were chosen to instrument the DCP as they are highly sensitive, 
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low cost, and can be attached to the surface of the plate without creating damage. In 
a first step toward developing an instrumentation system, the strain response of the 
DCP in a loaded construct needed to be explored. 
3.4 Mechanical Testing of the Dynamic Compression Plate 
3.4.1 Aims  
1. To investigate whether there is a significant change in DCP surface strain 
when loaded in a bone model construct for three conditions: (a) intact, b) 
with a large segmental gap (30mm), and (c) with a PCL scaffold inserted into 
the gap.  
2. To establish a simplified theoretical model and compare the results for 
surface strain with the experimental results.  
3.4.2 Experiment Design 
The purpose of this experiment is to determine whether a DCP instrumented 
with strain gauges is a feasible approach to monitor healing, which can be determined 
through mechanical testing of an appropriate bone defect model. If the strain gauge 
outputs between an intact model and a defect model are significantly different under 
loading similar to that experienced in vivo, then the approach can be deemed feasible 
for monitoring healing. The design of this mechanical test in terms of bone model 
construct, loading conditions and expected strain outputs is discussed here.  
Bone Analogue Construct 
A cylindrical PVC pipe (3 mm thick, Elastic Modulus, 4.1 GPa) was selected to 
model bone as it is readily available, low cost, and is structurally similar to bone (15-
25 GPA). The defect construct was designed after the 30 mm bone defect model 
described by Reichert et al.7, but using a 5.6 mm DCP (as was intended for the 
upcoming animal study), with four screws either side (Figure 3-5). Three conditions 
were chosen for examination: (1) intact; (2) with a 30 mm gap; and, (3) with a TEC 
inserted in the 30 mm gap. The TEC used was a 30 mm, mPCL scaffold with a 0/90 
laydown pattern (o = 18 mm, i = 9 mm) (Polytechnic Institute, Portugal). With 
dynamic compression plates, the angle and position of the screws can affect 
interfragmentary conditions; when tightened in the compression position they create 
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interfragmentary compression (Figure 3-6, left), and when tightened in the neural 
position (Figure 3-6, right), they do not. For this investigation, screws were tightened 
in the neutral position (as intended for the animal model).   
 
Figure 3-5 Diagram of the bone analogue construct used for mechanically testing the dynamic 
compression plate.  
 
Figure 3-6 Diagrams of the compression and neutral positions of the dynamic compression plate 
(DCP) (adapted from www.aofoundation.org). 
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Loading Conditions & Predicted Surface Strain 
To determine whether different fracture conditions can be detected by the 
instrumented DCP, an appropriate loading regimen needs to be applied. 
Furthermore, resulting surface strain should be predicted where possible using 
stress-strain theories for loaded beams. Theoretical predictions are important for 
assessing whether the strain outputs from the mechanical test are reasonable and 
secondly, for investigating assumptions about the underlying mechanical principals 
of the construct. An investigation into the musculoskeletal loading conditions in 
sheep, found the diaphysis of sheep tibias to be predominately axially loaded (with 
shear forces toward the ends of the shaft) during walking106. To predict the strain 
response under axial loading, the model needs to be simplified so that stress-strain 
theories can be applied. Factors influencing DCP surface strain measurements in the 
axially loaded system illustrated in Figure 3-7 are as follows:  
1. Load eccentricity (with respect to the plate): resulting in both axial stress 
and non-uniform bending stress across the mid-section of the plate.  
2. End conditions of the loaded construct will affect the flexural response.  
3. Screw configuration, and applied torque may affect structural stability. 
4. Scaffold mechanical properties may affect structure stiffness.  
5. Concentration points created by screw holes may produce unpredictable 
strain results.    
6. Plate application (compression versus neutral position). 
Although points 3-6 may apply regardless of the type of loading applied, 
points 1 and 2 in particular are specific to axial loading. When a plated tibia is axially 
loaded in vivo, the line of action (of the load) lies toward the long axis of the bone. As 
the plate is attached to the outer surface of the bone, its neutral axis is offset from 
the loading axis and natural (un-plated) neutral axis (Figure 3-7). This offset loading 
condition is known as eccentric loading.  
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Figure 3-7 A diagram of the reactions of a plated bone analogue construct under axial loading. 
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Eccentric loading produces a bending moment equal to the product of the 
load and the offset distance, which exists in addition to any deflection-related 
moment (due to buckling). Consider a compressive load applied at distance ‘e’ from 
the neutral axis of the c-shaped column in Figure 3-8. The normal stress (σ) in the 
column will be a combined result of the stress due to compression (P/A) and stress 
due to the total bending moment (My/I) (Equation 3-1): where ‘A’ is the cross-
sectional area, ‘I’ is the moment of inertia, and ‘y’ is the perpendicular distance 
between the element of interest and the neutral axis (which is maximum at the edge 
of the column, so that y = c). 






 Equation 3-1 
 
Figure 3-8 An L-shaped beam being eccentrically loaded (adapted from 
www.continuummechanics.org) 
The moment (M) is proportional to the sum of ‘e’ and deflection () in the y-
direction (Equation 3-2), which varies along the length of the column. Assuming the 
column is pinned at each end allowing free rotation, maximum deflection occurs at 
the centre of the column (L/2). Inserting the moment equation (Equation 3-2) and 
the equation for maximum deflection (Equation 3-3, see Ugural et al.107 for equation 
formulation) into Equation 3-1, gives a solution for maximum normal stress in an 
eccentrically loaded column (Equation 3-4). 
𝑀 = 𝑃(𝛿 +  𝑒) Equation 3-2 







− 1)] Equation 3-3 
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The derived solution for maximum stress under eccentric loading (Equation 
3-4), applies to a homogenous (in material and geometry) column, with pin-pin end 
conditions. The cylinder-plate construct however, is a combination of components 
(plate, cylinder and screws) with different structural and material properties and 
complex boundary conditions (Figure 3-9, A). One way to simplify the system is to 
consider the plate as a solid rectangular beam, and replace the complex screw-plate-
cylinder interaction with a bonded interface between the plate and cylinder (Figure 
3-9, B). 
 
Figure 3-9 Diagrams of the axially loaded plated bone analogue construct (A), and the reaction 
forces when simplified to a bonded system (B).  
Replacing the loaded construct (with an empty defect) with the simplified 
model and assuming pin-pin end conditions, the construct is now closer to the 
conditions of the described eccentrically loaded column. Making a further 
assumption that the deflection of the beam is significantly less than distance ‘e’, the 
moment reaction becomes effectively constant along the plate, and is simply the 
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product of the applied load (P) and the perpendicular distance, ‘e’ (M = P x e), which 
can be applied to Equation 3-1 to find stress.  
The axial load through the diaphysis of a sheep tibia during walking was 
estimated from a theoretical model as 89 % body weight by Heller and colleagues108. 
In Heller’s model, internal tibia loading was calculated using beam theory, after 
deriving the joint loads using inverse dynamics; for the inverse dynamics calculations, 
external static (load) and kinematic (motion) parameters where measured during 
gait, using a pressure platform and optical motion tracking system respectively.  
Given that on average, the sheep used for orthopaedic studies at the local animal 
facility (MERF, Staib Road, Chermside Qld) weigh between 50-70 kg (490 – 686 N), an 
axial loading of 500 N was deemed a reasonable approximation of tibial load. 
Applying P = 500 N load to Equation 3-1, for the simplified system (Figure 3-9, B) and 
dimensions from Figure 3-5, the resultant stress and strain can be calculated as 
follows: 










500 (N) × 18(mm) × 2.8 (mm)
234 (mm4) 
= −8.6 + 107.7 ≈ 99 (𝑀𝑃𝑎)  
At the time of this experiment however, appropriate supports to create pin-pin 
end conditions were unavailable for the material test machine, and it was thought 
that fixed ends would unrealistically constrain the system. Considering the majority 
of the stress to the system comes from the bending moment (107.7 MPa) rather than 
the axial load (8.6 MPa), an appropriate bending test was expected to produce more 
applicable results. Given P = 500 N and e = 18 mm, the resulting bending moment in 
the simplified bone analogue model is 9000 Nmm. Uniform bending can be created 
with a four point bend test, where a beam is loaded at each end with a positive and 
negative load of equal value, at equal distances apart (Figure 3-10). This loading 
condition creates a constant bending moment along the mid section of the beam 
regardless of deflection; as shown in the bending moment diagram in green.  
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Figure 3-10  Diagram of the bone analogue construct under bending, showing the reaction bending 
moments across the plate.  
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Using the bending moment calculated for the axially loaded condition as a guide 
(9000 Nmm), three bending magnitudes where chosen to represent bending 
experienced in vivo: 4500 Nmm, 9000 Nmm and 18000 Nmm. The compressive loads 
required by the Instron test machine to create these bending conditions were 
calculating by rearranging the equation shown in Figure 3-10 for each bending 
moment (Table 3-2). 




Table 3-2 Loading, P, required to create desired bending moments in a 4-point bend test. 
The estimated surface strains (εx) in the centre of the plate under the chosen 
bending loads (4500, 9000 and 18000 Nmm), were calculated for two different 
construct conditions – intact (Figure 3-11, A and B) and empty gap (Figure 3-11, C and 
D) – with equations sourced from Ugural et al.107. Surface strain of the plate in the 
intact construct was determined by rearranging the equation for stress of a 
composite beam under pure bending (Equation 3-5). This equation assumes the 
bending moment acts around the neutral axis of the composite beam (Equation 3-6) 
and the stiffness ratio between the plate and cylinder (n) is positive (Equation 3-7). 
The moment of inertia (IT) for the composite beam is simply the sum of the individual 
moments of inertia of the cylinder and the plate (Equation 3-8). For the gap condition, 
there is no material but the plate at the mid section of construct, the bending 
moment at this point is being entirely supported by plate (Figure 3-11, D). Therefore, 
determining strain in the normal direction is achieved using the basic equations for 
stress, strain and moment of inertia for the simplified rectangular plate (Equation 3-9 
and Equation 3-10).  
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𝜎𝑝𝑙𝑎𝑡𝑒 =  𝐸𝑝𝑙𝑎𝑡𝑒 𝜀𝑝𝑙𝑎𝑡𝑒 =  − 
𝑀𝑦
𝐼




) Equation 3-10 
 
Figure 3-11 A simplified model of the gap and intact conditions of the bone analogue construct 
(see text for further explanation).  
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As the DCP has screw holes throughout its entire length, it has varying effective 
widths. To account for this, strain in the intact and gap conditions were calculated 
twice for two different plate widths, represented as Beam 1 and Beam 2 (Figure 3-12). 
Beam 1 (purple) is a solid equivalent of the plate beside the screw hole, where b 
equals plate width minus hole width. Beam 2 (green) represents the solid portion of 
the plate found between the screw holes, and therefore b equals beam width.  Given 
an elastic modulus of 200 GPa for the DCP, and 4.1 GPa for the cylinder, the 
theoretical strains were calculated for each condition (Table 3-3), using equations 3-
5 to 3-10. 
 
Figure 3-12 To measure the strains in locations 1 and 2 of the plate, the beam geometry was 
simplified to a solid, narrow beam of 10.4mm width to represent location 1, and solid, wide beam 
of 16 mm width to represent location 2. 
Bending 
Moment (Nmm) 
Theoretical Micro Strain (m/m x 10-6) 
Intact Beam 1 Intact Beam 2 Gap Beam 1 Gap Beam 2 
4500 214 162 414 269 
9000 429 325 828 538 
18000 857 649 1656 1076 
Table 3-3 Theoretical strains were calculated for locations 1 and 2 using beam 1 and 2 geometries, 
and further simplifications outlined in Figure 3-11.  
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3.4.3 Test Method 
 The DCP was instrumented with two strain gauge rosettes with tolerances of ± 
0.85 [(m/m)/C], placed in the areas investigated in the theoretical model; a third 
gauge was also placed as shown (Figure 3-12), however this sensor malfunctioned 
and therefore results are excluded. The plate was applied to a PVC cylinder as 
illustrated and tightened by hand while the pipe was intact. The cylinder-plate 
construct was tested at room temperature under four point bending for three 
different conditions:  
1. Intact cylinder (Figure 3-13). 
2. Cylinder with a 30 mm mid-way gap (created with a saw while plated). 
3. Cylinder with a PCL scaffold inserted into the created gap. 
For each condition, the construct was loaded under four-point bending for five 
cycles at 3 mm/min, and repeated for three different peak loads. The peak loads 
applied by the Instron were 563 N, 1125 N and 2250 N. The distance between the 
inner and outer point loads (So - Si) was 32 mm, creating bending moments of 
approximately 4500, 9000, 18000 Nmm as previously described. Data was collected 
from the strain gauge rosettes using a National Instruments Data Acquisition device 
(analogue-to-digital convertor) and software (National Instruments Corporation). 
The gauges were configured in a Quarter Wheatstone Bridge (Figure 3-14), and strain 
was calculated using the voltage to strain conversion equation (Equation 3-11). 
 
Figure 3-13 DCP loaded in four point bending (left), with 2 x strain gauge rosettes applied to outer 
surface of the plate in the positions shown (right). 
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Figure 3-14 Configuration of the Quarter Wheatstone Bridge Circuit Diagram and the equation to 
convert voltage readings to strain. Vr is the voltage ratio (change in voltage output over excitation 
voltage); GF and Rg are the gauge factor and nominal gauge resistance; and RL is the lead 
resistance. 
𝑠𝑡𝑟𝑎𝑖𝑛 (𝜀) =  
−4𝑉𝑟
𝐺𝐹(1 + 2𝑉𝑟)






The collected strain data was processed using data processor MATLAB (7.12.0 
R2011a) (MathWorks Inc., 2011, Chatswood, Australia). The gauge strains εa, εb and 
εc were determined for each rosette, by averaging the peak-to-peak amplitudes of 
the strain data during each load cycle. Gauge strains were then corrected for the 
Gauge Factor (GF) error by subtracting 5.2%, which is the difference between the 
assumed GF of 2 (used in the National Instruments Software) and the true GF of 2.11 
± 1%. The true GF was taken from the strain gauge specifications after incorporating 
lead wire effects; lead wire effects decrease the GF from 2.12 ± 1% (as specified) to 
2.11 ± 1%. Using the corrected gauge strains, the strain state (εx, εy, εxy of Figure 3-15 
) was obtained using simultaneous solutions of the listed equations (Equation 3-12, 
Equation 3-13, Equation 3-14), from which the maximum principle strains (ε1 and ε2) 
were then calculated (Equation 3-15). 
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Figure 3-15 Top: 45 degree strain gauge rosette formation (α = 0, β = 45, γ = 90) transformed 
into the strain state then into principle strains. Bottom: Equations for the a-, b- and c-directed 
normal strains with respect to the strain state (x, y, xy), and the principle strain (ε1,2).107 
𝜀𝑎 =  𝜀𝑥 cos
2 𝛼 +  𝜀𝑦 sin
2 𝛼 +  𝜀𝑥𝑦 sin 𝛼 cos 𝛼 
Equation 3-12 
 
𝜀𝑏 =  𝜀𝑥 cos
2 𝛽 +  𝜀𝑦 sin
2 𝛽 +  𝜀𝑥𝑦 sin 𝛽 cos 𝛽 Equation 3-13 
𝜀𝑐 =  𝜀𝑥 cos
2 𝛾 +  𝜀𝑦 sin
2 𝛾 +  𝜀𝑥𝑦 sin 𝛾 cos 𝛾 Equation 3-14 
𝜀1,2 =  
𝜀𝑥 + 𝜀𝑦
2










 Equation 3-15 
 
3.4.4 Results 
The maximum principle strains for each bending moment and construct 
condition are presented in the bar graphs (Figure 3-16). Error bars demonstrate the 
difference between the experimental results and the theoretical results. Both gap 
and scaffold conditions produced similar results of approximately 500 ε, 1000 ε 
and 1800 ε for rosette 1, and approximately 200 ε, 400 ε and 800 ε for rosette 
2, under loads of 4.5 Nm, 9 Nm and 18 Nm respectively. The intact condition reduced 
the strain output by approximately one third for each condition.  
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Figure 3-16 Graph representing maximum principal strain from Rosette 1 (black) and Rosette 2 
(red) for each fracture condition under the three applied loads. The error bars in the Intact and 
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3.4.5 Discussion  
The resulting strain values were well within the tolerance range of the strain 
gauges (± 0.85 ε), with the intact condition resulting in 40 ± 3 % (mean ± SD) and 35 
± 3 % less strain than the gap conditions (per load), at locations 1 and 2 of the plate 
respectively. Strain in the scaffold condition was only slightly greater than the gap 
condition; by 5 ± 1 % and 6 ± 1 % at locations 1 and 2 respectively. The lack of 
improvement in construct stiffness with the addition of the scaffold is largely due to 
the significantly smaller stiffness properties of the scaffold (within the order of 50-
200 MPa, compared with the PVC elastic modulus of 4100 MPa). Rosette 1 (R1) 
produced overall higher strains and demonstrated greater (absolute) differences 
between fracture conditions than Rosette 2 (R2), as expected given that the plate is 
narrower at R1.  
Overall, theoretical results were reasonably representative of experimental 
results. The theoretical results for the intact condition were 28 ± 4 % greater and 25 
± 11 % less than strain gauge measurements, at locations 1 and 2 of the plate 
respectively. The theoretical results for the gap condition were 17 ± 5 % greater and 
33 ± 13 % less than strain gauge measurements, at locations 1 and 2 of the plate 
respectively. Theoretical results were not calculated for the scaffold condition. The 
larger than expected strains at location 1 (beside the screw holes) and lower than 
expected strains at location 2 (between screw holes), are likely the result of stress 
concentration effects; which were not accounted for in the theoretical model. This 
theory was supported with an FEA model of the DCP under four point bending, 
showing concentrated strain (in yellow) near location 1, and reduced strain (in blue) 
at the ends of the screw holes near location 2 (Figure 3-17) (ANSYS 12.0, ANSYS Inc., 
Southpointe, USA).  
A limitation of this study is that the PVC material used is much softer than ovine 
cortical bone (with an Elastic modulus of 4.1 GPa compared to 15-25 GPa109), 
however the cylinder is also wider (25 mm compared to approximately 20 mm109), 
which increases stiffness (i.e. k ∝ EA). Other limitations of this study include the small 
sample size (n=1) and the relevance of the applied bending moments with respect to 
in vivo loading. It was theorized that an appropriate four-point bend test could 
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produce similar strain results to axial loading, given the greatest proportion of strain 
due to compression would result from the bending moment created due to load 
eccentricity (as opposed to the stress component from pure compression). For the 
four-point-bend test to be comparable, the moment applied needed to be equivalent 
to the moment created under compression. This was derived by assuming  << e, so 
that the moment was simply the product of the applied load (500 N) and the distance 
of eccentricity. But if  << e is not true, than the calculated (and applied) moments 
may be much smaller than those which occur in vivo, which means results may be 
representative of a worst case scenario. Therefore, given the distinct variability in 
strain results for each loading and fracture condition, it can be concluded that the 
DCP model is flexible enough for strain gauge based instrumentation and could be 
used to monitor the fracture conditions of a large segmental defect in vivo.  
 
Figure 3-17 From FEA analysis of the DCP (alone) under four point bending, the maximum principle 
strain (mm/mm) is largest either side of the screw holes (in yellow and red), and smallest at either 
end (in blue). The plate model was loaded with four point loads (±562 N) at the same locations as 
the four-point test, to create a bending moment of 9 Nm, with a refined mesh over the mid-
section of the plate. Actual strain values may not be reliable as a convergence test was not 
performed.  
3.4.6 Summary of Conclusions 
 There was a significant difference in DCP surface strain between the 
intact construct, and the construct with a 30 mm gap under bending.  
 The scaffold produced minimal change in DCP surface strain under 
bending compared with the gap condition. 
 The distinct variability in strain results for each loading and fracture 
condition, suggest that an instrumented DCP could be used to monitor 
the fracture conditions of a large segmental defect in vivo. 
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 The theoretical model, produced stress/strain values comparable with 
experimental results under bending. 
3.5 An Attachable Sensor for Instrumenting the DCP 
3.5.1 Aim 
1. Develop an attachable active sensor for instrumenting the DCP.  
3.5.2 The AO Fracture Monitoring System 
Through collaboration with the AO Institute, a strain gauge based device was 
developed for instrumenting the DCP. The design was adapted of the AO Fracture 
Monitor92 developed by Dr Markus Windolf of the AO Research Institute, Davos 
(Davos Platz, Switzerland) and Prof. Heinz Mathis of the Institute for Communication 
Systems, HSR Rapperswil (Rapperswil, Switzerland). The original fracture monitor 
design was a custom fixator instrumented with a displacement transducer and 
polymer springs for passive dynamization of the fracture (Figure 3-18, A). The 
processing unit, made as a separate implantable piece (wired to the fixator), included 
a 3V battery cell for on board power, telemetry unit (RFID) for data transfer, and a 
microcontroller for real-time processing of the raw sensor data, sampled at 30 Hz. An 
on-board peak detecting algorithm counted and sorted peaks into bins of specified 
magnitude thresholds (0.2, 0.1 and 0.04 mm), which were then transformed into 
smaller packages by averaging data over 6 hour blocks. This resulted in four sets of 
parameters per day (day time: 6-12 h, 12-18 h, night time: 18-24 h, 24-6 h), which 
were collected using a RFID reader.   
The processing unit used in the custom fixator was modified for a stainless steel 
DCP (5.6 mm thickness), replacing displacement transducers with strain gauges and 
combining the sensors and circuitry into one implantable sensing unit (Figure 3-18, 
B, inset). The strain gauges were positioned along the rectangular section of the 
encasement on a stainless steel surface, connected to the processing/telemetry unit 
situated in the rounded end (Figure 3-18, B). The strain gauge surface was modified 
from an earlier design (Figure 3-18, C), to include troughs to improve sensitivity (by 
making the surface more susceptible to bending) and a slightly raised (0.1 mm) 
section in the centre to improve sensor stability (by creating a preload) (Figure 3-18, 
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D). For protection, a PEEK encasement was silicon glued and screwed into place atop 
the device. The final design is secured to the DCP with a screw at each end after 
adding two threaded holes to align with the mid section of the plate. A total of six 
fracture monitors were manufactured and tested by the AO Prototype Tool-Shop 
(Davos Platz, Switzerland), for use in the future animal study; specifications are 




   
Figure 3-18 The original fracture monitor (A), the customised fracture monitor for the DCP (B); the 
first case design (C); the final case design (D). 
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Component Specifications 
Sensor Single linear strain gauge.  
Encasement PEEK top, stainless steel bottom (strain gauge interface) 
Processor Low Power Microcontroller: MSP430AFE253(Texas Instruments, Texas, USA);  
Sampling Frequency: 30 Hz 
Power On-board battery: 3V cell (plus power through inductive coupling during read) 
Communication Type: low frequency transponder (134.2kHz);  
Minimum distance: 3 cm  
Table 3-4 Specifications of the fracture monitor designed for the DCP. 
The adapted AO Sensors were mechanically tested by the Concept 
Development Team at the AO Research Institute, Davos. In an initial test, one sensor 
was mounted on plated analogue bone models and loaded for 10 cycles of 100 and 
500 N compression. The ends of the bone analogues were constrained in the plane 
perpendicular to the loading axis but free to rotate in all directions. Tests were 
repeated on both a 30 mm gap models and intact models, representing the initial and 
healed conditions of a 30 mm defect respectively (Figure 3-19, A & B).  The strain 
response was tenfold greater in the gap model than the intact model for both 
scenarios, indicating that the AO Sensor should be sufficiently sensitive to detect the 
difference between healed and intact conditions.    
To calibrate the six sensors acquired for this study, each was mounted on a 
plated analogue bone model with a 30 mm gap and loaded for five different 
magnitudes (50, 250, 500, 1000 and 1500 N). Loading was applied in static 
compression whilst the construct was submerged in a 37C PBS bath, representing 
physiological conditions (Figure 3-19, C). The sensors were calibrated by plotting LSB 
(lowest sensitive bit) results against applied load (KN) revealing a linear relationship 
in all sensors (R2 > 0.99); the mean (± standard deviation) result was 5185 ± 656 
(LSB/KN). Once calibrated, loading thresholds for the peak detecting algorithm were 
programmed as 20, 500 and 1000 N. Like the original sensing unit (in the custom 
fixator), the device was also programmed to average the data within each bin over 
12 hours (day time: 6-18 h, night time: 18-6 h).  
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Figure 3-19 Mechanical testing (A and B) and calibration (C) of the fracture monitor. 
3.5.3 Discussion 
Through collaboration with the AO Research Institute, Davos (Davos Platz, 
Switzerland) a fracture monitoring system was developed for the DCP. Six sensors 
were manufactured and calibrated to measure the compressive load using a bone 
analogue model with a 30 mm gap. Although variations in surgical application and 
bone geometry may affect the results, these sensors should provide an 
approximation of in vivo loading during the early stages of healing. Then, as the bone 
heals and the defect becomes more stable, the sensor output (under the same loads) 
should decrease, thereby providing a method for monitoring healing. This method 
relies on the assumption that the applied load will, on average, remain the same 
throughout the course of healing. The validity of this assumption will be tested by 
monitoring the animal activity (Chapter 4). As the fracture monitor will also capture 
the average number of load cycles over 6 hour blocks, this too will be used to examine 
changes in load frequency.  
3.5.4  Summary of conclusions 
 An attachable DCP fracture monitor, for continuous monitoring of the 
mechanical conditions of an ovine bone defect, was developed through 
collaboration with the AO Research Institute, Davos (Davos Platz, 
Switzerland).  
 From this design, six monitoring devices were manufactured and 
calibrated (by the AO Research Institute) under compression. 
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3.6 Chapter Discussion 
A novel method for monitoring healing in terms of mechanical conditions was 
developed for a large segmental bone defect model through collaboration with the 
AO Research Institute, Davos (Davos Platz, Switzerland). The method consists of an 
attachable sensor fitted to the Dynamic Compression Plate (DCP). It measures the 
load through the plate, which on average, should decrease with increased tissue 
stiffness, and thereby monitor healing progression. The monitoring system logs data 
continuously, storing average load cycle and magnitude information over six hour 
blocks which is then uploaded using a handheld reader to output healing information 
over time (Figure 3-20). During the initial stages of healing (before sufficient healing 
tissue has developed) when all loading is taken by the plate, the measured load 
represents the compressive load through the bone. Therefore, the device is not only 
a tool for monitoring healing, but also a tool for monitoring mechanical stimulus in 
terms of load cycles and early load magnitude.  
 
Figure 3-20 A schematic illustrating how the instrumented DCP can be used to monitor healing. 
The developed fracture monitor detects plate flexion from a single strain gauge, 
bonded to a flexible stainless steel surface secured over the mid-section of the 
fracture gap. Although relying on a single gauge reduces power demands, it also 
means there is no fail safe if the sensor malfunctions. Furthermore, regardless of the 
number of gauges, with long term use (such as 3+ months of continuous monitoring) 
the sensor is vulnerable to bond disintegration and filament fatigue (due to cyclic 
loading); which are the limitations of long term strain gauge use in general.  The 
device is also vulnerable to loosening of the monitor (from the plate) or the plate 
(from the bone), which could be investigated through cyclic testing or ex vivo 
examination.  
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One further limitation of the developed method is the reliability of the 
calibrated load measurements, which limit the results to an estimate of gross axial 
compression. Sensors were calibrated from mechanical testing of a bone analogue 
model with an empty 30 mm gap; however complex in vivo loading conditions, 
individual bone geometries and surgical application may produce different results (as 
previously discussed), as could the size of the defect and the mechanical properties 
of any implanted TEC. The testing covered in this chapter only examined a 30 mm 
defect model, however a 60 mm model was also under consideration for the future 
animal study. Although the fixation approach is the same (using the same plate with 
four screws either side of the fracture gap), a larger sized defect could result in 
greater deflection and therefore strain gauge response. It is therefore recommended 
that further mechanical testing be conducted to characterise the DCP strain gauge 
response in a 60 mm defect model.  With respect to the TEC implant, a four-point-
bend test found that a PCL scaffold (similar to the TECs being considered for the 
future animal study) had minimal effect on plate strain under loading, when 
compared with an empty gap condition. Therefore, calibration using an empty gap 
may still be valid, but to confirm this, testing using a 60 mm defect under compression 
(as opposed to bending) should be performed.  
Overall, a suitable device has been developed for monitoring the healing 
progression in terms of changes to the mechanical stability of large segmental defects 
in preclinical animal studies, addressing the first aim of this research. Furthermore, 
this highly adaptable device could be applied to a variety of fixation plates and 
fracture models, thereby facilitating research throughout the field of fracture healing 
more broadly. This is important as successful adoption of the device by numerous 
and diverse research groups is critical for building a timely and comprehensive log of 
healing data. The next step for this device is to trial it an animal study in order to 
validate and were necessary, improve this new and innovative approach for 
monitoring healing. Before this is done, a method for characterising the mechanical 
environment in terms of daily animal activity, the second aim of this research, is 
required.   
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Chapter 4: Development of a Sheep Activity 
Monitoring System 
4.1 Overview 
This chapter describes the development of a method for monitoring sheep 
activity. Section 4.2 introduces the purpose and significance of the work covered in 
this chapter. Section 4.3 reviews the current available technologies, identifying those 
with the greatest potential for monitoring sheep at a research animal facility. Section 
4.4 explores the feasibility of using these identified technologies to monitor sheep at 
an animal facility, through experimental data acquisition and analysis. Section 4.5 
focuses on the development of an activity classification algorithm, for classifying 
sheep activity from accelerometer data. Finally, Section 4.6 summarises the 
developed method, discusses its benefits and limitations and makes 
recommendations for a future animal study. 
4.2 Introduction 
Having addressed the first aim of this research (to develop a method for 
monitoring healing) in Chapter 3, this chapter focuses on the second aim: to develop 
a method for in vivo monitoring and characterization of the mechanical environment 
in the established preclinical model, by developing a sheep activity monitoring 
system. As described in the Literature Review (Chapter 2), functional loading due to 
animal activity is considered the primary source of mechanical stimulation. When the 
animal performs an activity, the defect site is subjected to loading sequences with 
varying magnitudes, frequencies, directions and load rates, which may have different 
effects on healing outcomes.11 Given the mechanical environment can poorly be 
controlled, this research instead aims to produce a method for characterizing it in 
terms of external mechanical stimulus, with the development of a sheep activity 
monitoring system. The development of this method, including a review and trial of 
possible solutions, and the design of an activity classification model are described 
here.  
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4.3 A Review of Activity Monitoring Systems 
To guide the development of a suitable system for monitoring sheep activity, 
an expansive review was conducted across various research fields and the 
commercial market, looking at both human and animal activity monitoring systems. 
The focus areas of this broad review are illustrated in Figure 4-1. Overall, activity 
monitoring is most commonly adopted within the following research domains: 
(animal) Livestock Management82,110, Vet & Zoology Science79,85,111, Wild Life Science 
and Conservation81,112, and; (human) Sports Performance113–115, Rehabilitation116,117, 
and Aging and Degenerative Disorders118–121. The majority of commercial monitoring 
systems are targeted at individual use, for tracking pets or assessing personal health 
and fitness; however there are some more comprehensive systems aimed at sports 
performance or disability/rehabilitation assessments.  
 
Figure 4-1 A representation of the broad field of activity monitoring research and technologies. 
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The simplest and most affordable commercial devices for monitoring animals 
are GPS pet-trackers, marketed as security or novelty devices (Figure 4-2, A). These 
devices use GPS to track global coordinates, from which the total distance travelled 
can be determined. Otherwise, there are more advanced devices designed to assess 
sports performance in racing animals. Where pet-tracking devices are typically 
designed for long-term tracking of simple parameters, sports performance devices 
are typically aimed at short-term assessments of complex parameters. For instance, 
the CatLog (Catnip Technologies Ltd., Hong Kong) pet tracker logs GPS location 
coordinates over a number of days, whereas the equinITY (Fine Equinity Ltd., UK) 
racing performance system assesses race horse performance, including speed, heart 
rate and gait parameters over single racing sessions (which it does by also 
incorporating other sensors). 
Like with animals, the most affordable commercial technologies for human 
activity monitoring are those targeted at individuals (as opposed to sporting, health 
or research groups) for monitoring health and fitness. These devices are typically 
worn at the wrist or hip, and at the basic pedometer level can track the number of 
steps taken and estimate calories burnt (Figure 4-2, B). More advanced devices, like 
the Fitbit Surge (Fitbit Inc., USA) can monitor step count, heart rate and energy 
consumption, and log instances of various other activities such as yoga and weight-
lifting.  
The more comprehensive inertial sensor systems aimed at researchers and 
professionals examine specific body movements or activity parameters, over and 
above a basic step count or distance travelled (Figure 4-2, C). The Sabel Sense (Sabel 
Labs, Griffith University, Australia) has been used to assess the efficiency of 
swimming strokes122 and the ActiBelt System (Trium Analysis Online GmbH and 
SLCMSR, Germany) has been used to analyse gait patterns in patients with multiple 
sclerosis123. These systems utilize the same types of accelerometers as those 
marketed for individual use; the main difference is the support and/or access to raw 
data for complex analysis. Where advanced devices for individual use can interpret a 
small range of activities automatically, devices aimed at researchers and 
professionals either interpret a greater and more specific range of actions through 
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specially designed algorithms or give their users greater signal access and control to 
make their own interpretations.  
 
Figure 4-2 (A) the Tagg GPS pet tracker (Whistle Labs, Inc.); (B) the Fitbit Charge pedometer 
(Fitbit Inc.); (C) the Sabel Sense Inertial Sensor (Sabel Labs, Griffith University).  
An alternative to wearable devices are those which instrument the subject’s 
local environment. For instance, Howerton et al.124 monitored mice activity using 
instrumented enclosures, which counted the number of times mice interrupted a 
projected light beam. Eadarus et al.78 kept track of the travelling habits of live stock, 
locating tagged cattle as they passed through automatic scanning stations. And lastly, 
Buettner et al. 125 instrumented a household by tagging individual household objects 
so they could be scanned with usage (by wrist worn readers), to gauge daily home-
based activities. The disadvantage of instrumenting enclosures is that it can be 
expensive over large areas. Furthermore, the RFID readers used are not really suited 
to monitoring wide spaces (like the outdoor yards in animal facilities) given their short 
reading range (max 10 m range for passive RFIDs). Devices which can be worn by the 
monitored subjects – such as the discussed GPS units, pedometers, and inertial 
sensors – offer a more affordable and practical option for activity monitoring, and 
were further investigated.   
4.3.1 Global Positioning Systems 
The Global Positioning System (GPS) refers to a specific satellite system in the 
Earth’s orbit, which provides location, velocity and timing information to GPS 
receivers 126. The term ‘GPS’ usually refers to GPS receivers, which work by analysing 
satellite signals from a minimum of three satellites, calculating the time taken for 
satellite signal to reach the receiver. Differences in reception time from each satellite 
determines the distance between the location of the receiver and the satellite126. 
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From these distances and the coordinates of each satellite, the receiver’s position on 
Earth is established through trilateration, locating the point where imaginary spheres 
extending out from each satellite all coincide (Figure 4-3).  
 
Figure 4-3 Trilateration is used to determine the location of a GPS receiver. Theoretical spheres 
(purple) are created around each satellite (black dots), with a radius equal to the displacement 
between the satellite and the receiver (red dot). Trilateration calculations determine where the 
surfaces of three spheres meet, which is the location of the receiver.  
For any given GPS receiver, its accuracy will depend on a) the location of 
satellites relative to the receiver and b) the local environment.127 This is because 
trilateration is less accurate if the satellites are clustered together, and data cannot 
be received if a satellite is not in line of sight. Consequently, certain environments 
are more favourable for GPS reception, such as wide open spaces (Figure 4-4, left), 
whereas reception is poor in built up urban areas, valleys, or during stormy weather 
(Figure 4-4, right). For greatest signal transmission, antenna positioning is also 
important; ideally the antenna should be placed at the highest point of the tracking 
body with the clearest view possible. Other inaccuracies come from the receiver 
itself, specifically from its internal clock. Most notably however, the greatest errors 
tend to arise during the initial tracking phase where the device first attempts to locate 
satellites – this phase is known as time to first fix (TTFF).79  
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Figure 4-4 (A) An open plane is a more favourable GPS environment for satellite reception than (B) 
built up areas. 
With varying accuracies, GPS devices can be useful for tracking outdoor 
activities in terms of distance travelled and/or average velocity; velocity is derived 
from displacement, and can indicate the intensity of an activity in terms of how slow 
or quick the movement is. In livestock applications, Trotter et al.82 used customized 
GPS collars for tracking the activity levels of cattle by calculating mean daily velocity 
over time. Similarly, Gonzalez et al.112 used GPS data to distinguish between slow 
movement (low/medium speeds) and travelling behaviour (fast speed); Gonzalez also 
established classifiers based on accelerometer data, which are discussed ahead. The 
limitations of GPS devices are that they require good satellite reception, cannot be 
used indoors, and can only detect movements with sufficient location displacement 
(3-15 metres depending on the device). For more direct monitoring of individual 
steps, pedometers were considered.  
4.3.2 Pedometers 
Pedometers are more independent than GPS devices in that they do not rely on 
satellite signals. These devices operate by counting or measuring the movement of 
an internal mass which responds to the motion of the wearer in accordance with the 
basic principles of inertia. Inertia is the innate property of all particles with mass to 
resist change in motion (as described by Newton’s Laws of Motion). Consider a small 
mass attached to the inside of a box by a spring (Figure 4-5, left): whenever the box 
changes velocity (i.e. accelerates), the internal mass will produce an equal, 
quantifiable resistance in the opposite direction and lag behind i.e. an inertial 
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response. By the same principles, inertia is the invisible force a person can feel when 
inside a car or elevator, pulling in the direction opposite to acceleration (Figure 4-5, 
right). 
 
Figure 4-5 Inertia is the invisible force which directs mass to resist a change in acceleration; as 
shown by an internal resisting the motion of an external body (left), or a person feeling an pull in 
the opposite direction of acceleration when in an elevator or car (right).      
Pendulum or lever based mechanical pedometers work by translating the 
inertial response of a pivoting internal weight into a step count (Figure 4-6, A). With 
the pedometer worn at the hip, the small internal weight swings back and forth on a 
lever with each step. This connects and disconnects the circuit switch to create the 
step count (Figure 4-6, B). Other mechanical pedometers utilize spring-based 
accelerometer circuits, which measure the movement of a weight balanced on a 
spring (like the mass in a box scenario) using a variable capacitor or piezoelectric 
sensor. Movement of the mass results in a change in sensor response (e.g. 
capacitance or resistance) which is converted to an electrical output and processed 
into a step count (Figure 4-6, C).  
 
Figure 4-6 (A) shows the inner mechanism of a spring arm mechanical pedometer 
(www.evilmadscientist.com). Pedometer may use switches (A) or sensors (B) to count steps. 
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Modern pedometers have replaced spring based accelerometer circuits with 
MEMS technology (micro-electro-mechanical systems), incorporating semiconductor 
materials to create much smaller and more sophisticated accelerometer chips; the 
Fitbit range are an example of this (Figure 4-7). In these devices, the accelerometer 
chip converts a primary sensor response into a voltage output (like the earlier spring 
based versions), which is then interpreted by a microprocessor into step counts. The 
step count is then directly displayed on the screen (like mechanical pedometers), or 
communicated wirelessly (using Bluetooth) to a computer or smart phone, where the 
user can examine their performance over time (Figure 4-8).  
 
Figure 4-7 The internal circuitry of a the Fitbit Charge pedometer (Fitbit Inc.), demonstrating the 
miniature accelerometer chip (images adapted from www.ifixit.com). 
 
Figure 4-8 The process of converting movement sensed by a pedometer into a step count output; 
see text for further explanation. 
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The attractiveness of pedometers is the potential to provide a low-cost ($AU 5 
- 30 for simple mechanical units) and easily interpretable measure of activity, based 
on step count. But as pedometers are designed for counting human steps, whether 
or not they would also provide an accurate step-count for sheep would have to be 
investigated. Otherwise, for more in depth evaluation of activity, devices which 
output raw inertial sensor data should be explored.  
4.3.3 Activity Classification with Inertial Sensors 
Inertial sensors incorporate multiple sensors and have the potential to provide 
the most comprehensive description of motion. They measure acceleration using 
accelerometers and changes in rotational attributes using gyroscopes, and may also 
incorporate magnetometers (compasses) to assist with orientation. The most 
advanced application of these devices are the inertial-measurement-units (IMUs) 
used to manoeuvre aircraft, missiles and spacecraft. In these applications, calculating 
vehicle speed, acceleration, and rotational attributes such as pitch, roll and yaw is 
crucial.128 With respect to activity classification, the focus is less on the precise values 
of these physical parameters and more on the signal patterns or attributes associated 
with particular classes of activity e.g. running, walking or standing. Consequently, the 
main challenge in monitoring activity with inertial sensors is in designing an 
appropriate activity classification model.  
The Activity Classification Process 
The process of turning inertial sensor data into activity data can be broken 
down into three steps: (1) data collection, (2) feature extraction, and (3) classification 
(Figure 4-9). The first step is to collect data using the chosen sensing device/s, by 
having subjects wear the device/s while performing the activities of interest; often in 
these applications only accelerometer or both accelerometer and gyroscope sensors 
are used. Secondly, the recorded sensor data is uploaded from the devices and 
processed for feature extraction. This often begins with a basic filtering process (e.g. 
to eliminate noise and/or gravity from an accelerometer signal) or other pre-
processing method, after which data is grouped into bins of chosen sample sizes, 
usually based on a particular time period (e.g. 5 second windows). The grouped data 
is then processed so that each bin/window is defined by a particular feature or a 
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series of features (an attribute set), ready for classification. For example, filtered 
single axis acceleration data collected at 50 Hz (fs) divided into bins of 250 samples 
and averaged, creates an attribute set which lists an average acceleration value for 
every 5 second interval.  
In the final step (step 3), the attribute set is run through a classification model, 
which uses previously defined rules to assign each new data point (from the attribute 
set) an activity category or class. Classification models are based on experimental 
data, wherein subjects wear the recording devices while performing relevant 
activities and start-stop times are recorded by an observer or video recording. The 
experimental data is classified by time-pairing the data with the activity log, then, 
using pattern recognition techniques, particular attributes corresponding with 
particular classes of activity are identified.  
For example, Gonzalez et al.112 collected and classified acceleration data of 
free-ranging cattle into one of three classes of activity: low, medium or high. Features 
were then extracted by calculating the standard deviation (the feature) across 10s 
intervals (window size). The classified attribute set was then separated into three 
activity files (low, medium and high) and plotted together on a probability density 
plot. From here, the three classes of activity were distinguished using a threshold 
based pattern recognition technique; the points (thresholds) where the plots 
intersect define the borders of each activity (Figure 4-10). This approach is just one 
of the many used across the literature88,129–133 for classifying activity data; although 
the vast majority are concerned with human rather than animal activity, the 
underlying classification principles and considerations are still applicable and should 
therefore be explored.   
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Figure 4-9 The process of classifying activity data requires three stages: (1) data collection, where 
the subject wears a measurement device; (2) feature extraction, where the data is processed in to 
an appropriate form for classification, and; (3) classification, where a classification model is 
applied, and the data set is classified.  
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Figure 4-10 An example of the probability density plot of the SD of acceleration data over 10s 
windows (the feature), demonstrating how patterns of low, medium and high activities can be 
distinguished based on threshold values (image adapted from Gonzalez et al.112).  
Design Considerations 
From the literature, there are three key considerations involved in designing a 
classification system: (1) sensor choice/location, (2) choice of features for the 
attribute set, and (3) the pattern recognition method used to develop the 
classification model. Often either accelerometers or a combination of accelerometers 
and gyroscopes are used. There have been good results in detecting differences in 
activity levels such as walking versus not walking, using accelerometer signals 
only.89,133 To determine postural differences, which are useful for differentiating 
standing from sitting, some studies incorporate gyroscopes.121,134 Others however, 
have shown that postural changes can just as easily be detected from accelerometers 
by examining different data features, saving on device power and storage 
requirements, and data processing times.132,135,136  
Furthermore, where activity levels may be easily detected from a single device 
and mounting location, many studies required at least two different locations (and 
therefore devices), such as the leg and chest for determining postural 
differences.88,129,130 But again, others have successfully determined postural 
transitions from only one device when placed in the most appropriate mounting 
location (normally the leg)131–133; otherwise, Fourati et al.137 were able to detect 
posture changes in penguins by running a low pass filter over back mounted devices. 
Overall, a greater range of locations and sensors mean more parameters to use for 
differentiating activity classes. But the necessity versus the practicality of multiple, 
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high power consuming devices must be weighed. As neither necessity nor practicality 
are well known before trial, most studies trial a few positions and a few sensors and 
then determine the minimum required.  
The second important consideration for activity classification design is the 
extracted data feature/s. Figo et al.138 reviewed the numerous features which have 
been extracted from time, frequency and discrete domains of accelerometer data 
(Figure 4-11). Features collected from the time domain, include parameters which 
characterize signal magnitude such as the mean, maximum/minimum and standard 
deviation, and other more specialized features such as zero-crossings and the signal 
magnitude area (SMA). Counting the number of times the normalized signal crosses 
the zero line (zero crossings) provides an indication of frequency, and calculating the 
area under the absolute curve (SMA) has been shown to correlate well with energy 
expenditure139. 
Extracting features from the frequency domain can also be useful due to the 
periodic nature of activities like walking and running.138 Extracting such features 
requires first transforming the collected time based data into the frequency domain, 
which can be done using Fourier or Wavelet transformations. Figo et al.138 also 
describe a domain referred to as the discrete domain wherein signals are 
transformed into strings of discrete symbols, but this approach is less common, and 
not considered here.  
The final point to consider in activity classification design is the pattern 
recognition technique used to create the final classification model. Khan140 reviewed 
various pattern recognition approaches for developing activity classification models 
using tri-axial accelerometer data. Pattern recognition processes, can be divided into 
user defined methods and machine learning (Figure 4-12). User defined methods 
include threshold based and hierarchical methods. The user manually examines 
categorized data using probability density function plots and histograms, in an 
attempt to define thresholds and/or rules for classification; such as the previous 
example by Gonzalez112.   
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Figure 4-11 The numerous extractable sensor features which can be useful for developing 
classification models, categorized as either the time, frequency of discrete domain (image adapted 
from Figo et al.138). 
 
Figure 4-12 The numerous pattern recognition techniques available for developing classification 
models, categorized as either user defined or machine learning methods.  
Machine learning is where the user inputs a data set (the attribute set) into the 
“machine” (machine learning software) which runs a series of algorithms over the 
input data until it can successfully identify particular pattern/s. Machine learning can 
be supervised or unsupervised. Supervised learning detects patterns which separate 
classes from a training set of pre-classified data. Unsupervised learning deduces 
structures or patterns present within undefined input data. Of the numerous 
machine learning approaches, popular methods used in activity classification include: 
instance based algorithms such as K-nearest neighbour90,129,132,141 (focusing on 
instances of values nearest to representative value); Bayesian algorithms such as 
Naive-Bayes91,129,132,134,141 (focusing on probabilities and likelihoods); artificial Neural 
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Networks88,89,133 (examining structures to create layers of interconnecting nodes), 
and; support machine vectors or SVM90,117,132 (examples are mapped as points in 
space and categorized where the gap between data is widest) (Figure 4-13).   
 
Figure 4-13 Visual representations of four machine learning pattern recognition approaches 
(images adapted from www.machinelearningmastery.com); see text for explanation. 
The advantage of machine learning over user defined classification models is 
that machine learning has the ability to find patterns that aren’t always obvious to 
the user. It is also a reasonably fast and automated process; whereas user generated 
models require time consuming plotting, fitting and interpretation of data to 
determine classification thresholds/rules. The disadvantage of machine learning is 
that the user has limited control and insight into the developed classification model. 
It also assumes 100 % accuracy of the training set (the data it builds the model from), 
whereas the user defined approach is more flexible and adaptive, allowing visual 
identification of distinguishing patterns and possible errors.  
4.3.4 Considerations for Application in an Animal Study 
GPS, pedometers and inertial sensors could all feasibly be adapted to monitor 
sheep activity. All three technologies are comparable in weight and size, and have to 
be worn by the animal on a collar or harness, thereby requiring periods of retrieval 
for data collection and battery charge/replacement. With no significant advantages 
or disadvantages between the three devices in terms of practical application, 
deciding on the best approach comes down to the reliability of the data being 
collected and the validity and significance of its interpretation in terms of describing 
animal activity.   
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A GPS device can monitor distance travelled and/or velocity, and a pedometer 
is designed to count steps; either of which could be used to provide a daily activity 
count. However, GPS data is only as reliable as day to day signal reception and its 
usefulness will depend on the precision of the device relative to the travelling 
behaviour of the animals. Furthermore, it is unclear whether pedometer step counts 
(derived from human data) are a valid count for sheep. The benefit of inertial sensors 
is that they collect raw, high precision data from multiple sensors, from which distinct 
parameters have been observed in other species associated with various types of 
motion (e.g postural changes, walking, running etc.)88,129–133, however like the GPS 
and pedometer methods, the feasibility of using inertial sensor data to classify sheep 
activity requires experimental exploration. Therefore, a trial of pedometers, GPS 
devices and inertial sensors  on sheep at the research animal facility was 
recommended, to test the reliability of their respective measures, and the validity 
and significance of each approach. 
4.4 Animal Trial: Device Selection & Data Collection 
4.4.1 Aims 
1. Determine the best approach for monitoring sheep activity through 
experimental trial:  
I. Compare GPS distance and speed data against a manual count of 
sheep steps. 
II. Assess the accuracy of GPS distance measurements compared to 
manual distance measurements.  
III. Compare pedometer count against a manual count of sheep steps. 
IV. Evaluate the accuracy of a Neural Network approach to classify 
inertial sensor data in terms of the following sheep activity 
classifiers: running, walking and inactive behaviour.    
4.4.2 Experiment Design 
To determine the most appropriate approach for activity monitoring, three 
different technologies were investigated: GPS devices, mechanical pedometers and 
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inertial sensors (Figure 4-14). Ten GPS devices ($67 AUD per unit) and ten mechanical 
pedometers ($4.30 AUD per unit) were purchased online from Catnip Technologies 
(Catnip Technologies, Ltd, Anderson, USA) and Ebay respectively. The GPS devices 
were specially modified to include extra batteries and a robust, water proof casing. A 
personally owned smart phone (Samsung Galaxy S2) was used to capture inertial 
sensor data, using the mobile phone application, AndroSensor. The accuracies and 
data collection rates used for the GPS and inertial sensors are outlined in Table 4-1. 
A waterproof casing was 3D printed to protect the phone (Figure 4-15, A), and an 
animal body harness was purchased and modified to attach the sensors to (Figure 
4-15, B). The pedometers and GPS devices were worn on the upper straps toward the 
back and shoulder, and the phone was secured to the rectangular section at the 
sternum. Ethics approval was granted by the University Animal Ethics Committee 
(UAEC) (ethics number 1300000712).  
  
 
Figure 4-14 Images of the modified Cat-track GPS unit (left), mechanical pedometer (middle), and 
Samsung Galaxy S2 mobile phone (right) used to capture GPS, step count and inertial sensor data 
in the animal experiment. 
Sensor  Accuracy Sample Rate 
GPS 
SiRFstar3, SiRF Technology 
± 5 m (good conditions) 
 ± 10 m (poor conditions) 
0.5 Hz 
Accelerometer 
LIS3DH, ST Microelectronics 
± 0.012 g’s 20 Hz 
Gyroscope 
L3G4200D, ST Microelectronics 
± 0.07 /s 20 Hz 
Table 4-1 Sensor Specifications. 
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Figure 4-15 Protective phone case, (A), and modified body harness, (B). 
4.4.3 Test Method 
Firstly, to assess the accuracy of the GPS devices in terms of distance 
measurements, the investigator carried 6 of the GPS devices in an open bag and 
proceeded to walk then jog up and down a 24 m cricket pitch, then up and down a 
40 m curved path (set out with markers) at a local park (Moorak Street, Taringa Qld). 
The true distances travelled were manually measured using a measuring wheel. From 
this experiment, the devices were deemed accurate enough to continue with the 
experiment (see Section 4.4.5 for results).  
To test the performance of the GPS devices and pedometers in measuring 
sheep activity, four mechanical pedometers and two GPS devices were secured to a 
single, healthy, adult Merino sheep using a body harness (Figure 4-16, left). The sheep 
was then released into the animal yard at the QUT Medical Engineering Research 
Facility (MERF, Staib Road, Chermside Qld) and encouraged to move around for 
three, 10 minute sessions (Figure 4-16, right). Each session was filmed and a manual 
step count was made by two observers using hand held counters (a step was counted 
for every foot fall of both front legs). At the end of each ten minute session, the step 
counts from each pedometer were recorded. The GPS devices recorded real time and 
collected data at a sampling frequency of 0.5 Hz for later analysis.  
Inertial sensor data (from the smart phone) was collected in a separate session 
at the animal facility (MERF), monitoring a single sheep. The smart phone was 
positioned over the animal’s sternum using the modified body harness (Figure 4-15, 
B). The phone recorded accelerometer and gyroscope data, while the animal was 
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filmed during 20 minutes of activity. An animal handler assisted by following the 
animal to encourage movement.  
 
Figure 4-16 Sheep wearing four pedometers and four GPS devices attached to the shoulders/back 
using a body harness (left), and sheep released into the animal yard (right). Video recording and 
photographs were taken with a Samsung Galaxy S2 smart phone. 
4.4.4 Data Analysis 
GPS & Pedometers 
GPS distance measurements from the park experiment where compared 
against manual measurements overall and per travelled path. The overall accuracy 
was determined by summing (and averaging) the total distance travelled as measured 
by the GPS devices  (measured value) and comparing it against the manual 
measurement (observed value) in terms of a percentage error, using Equation 4-1. 
The accuracy per path was examined by plotting the distance values from the GPS 
devices against the measuring wheel measurements for each path travelled, in the 
order they were taken in real time: (1) walking up the cricket pitch; (2) walking down 
the cricket pitch; (3) jogging up the cricket pitch; (4) jogging down the cricket pitch; 
(5) walking up the curved path; (6) walking down the curved path; (7) jogging up the 
curved path; (8) jogging down the curved path. 
𝐞𝐫𝐫𝐨𝐫 % =  
𝑴𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝑽𝒂𝒍𝒖𝒆 − 𝑶𝒃𝒔𝒆𝒓𝒗𝒆𝒅 𝑽𝒂𝒍𝒖𝒆
𝑶𝒃𝒔𝒆𝒓𝒗𝒆𝒅 𝑽𝒂𝒍𝒖𝒆
× 𝟏𝟎𝟎 Equation 4-1 
From the animal yard experiment, Step counts recorded by two observers were 
totalled and averaged for each of the three, ten minute recording sessions. Likewise, 
74 Development of a Sheep Activity Monitoring System 
pedometer counts, and GPS distance and speed data were summed for each session. 
Measured (pedometer and GPS) data was then compared against real data (observed 
step count) by calculating the Pearson’s Correlation Coefficient (r); this describes how 
well the two variables fit a linear relationship, with 1 being an absolute fit, and 0 being 
no fit. The pedometer counts (measured value) were also compared against the 
manual counts (observed value) in terms of a percentage error.   
Inertial Sensors 
From the video recordings of the inertial sensor sessions, start and stop times 
during which the animal spent either walking or running were recorded. Walking 
versus running behaviour was determined by the judgement of the observer, 
considering gait patterns and apparent speed. From this information a target file was 
made, with each column in the target file representing a 1 second window, and each 
row representing an activity; specifically, inactive (row 1), walking (row 2) or running 
(row 3) behaviour. The number 1 is placed in the row corresponding to the activity 
observed during that interval, and zeros are placed in the incorrect rows.  
Two input variables were created by summing the signal vector magnitudes 
(SVM), (Equation 4-2), of the x, y, z accelerometer and the x, y, z gyroscope data, over 
the same 1 second intervals (20 samples per interval). Recalling the previous section’s 
discussion on classification methods (Section 4.3.3), the summed accelerometer SVM 
data and the summed gyroscope SVM data are the classification system’s features. 
From the input variables, two input files were created. The first input file included 
both the summed SVM accelerometer data (row 1) and the summed SVM gyroscope 
data (row 2). The second input file was comprised of the summed SVM accelerometer 
data only.  
𝑆𝑉𝑀 =  √𝑥2 + 𝑦2 +  𝑧2 Equation 4-2 
The pattern recognition method being used to create the classification model 
was a Neural Network. To implement the Neural Network, the data within the target 
and input files were arranged in order of classification, grouping inactive, walking, 
and running data. The created target and input files were then uploaded to the 
Neural Network Pattern Recognition Toolbox in MATLAB, to develop a pattern 
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recognition method (version R2011a, Mathworks Inc., United States); firstly using 
Input File 1 (accelerometer and gyroscope data), then again using Input File 2 
(accelerometer only file).  
The Neural Network compares the input file with the classifications from the 
target file, and trials various decision pathways until it can accurately categorize the 
data. Firstly, the data was randomly allocated to either a training (70% of data), 
validation (15% of data), or test set (15% of data). The training and validation set were 
used to train the network, using scaled conjugate gradient back propagation (an 
iterative algorithm that updates weight and bias values) until a satisfactory pattern 
recognition network was established. The accuracy of the developed network was 
then re-assessed using the test data. The accuracy of the training, validation, test and 
combined results were presented in confusion matrices.  
4.4.5 Results 
GPS & Pedometers 
From the GPS accuracy experiment at Taringa Park, the mean (± SD) total 
distance measured by the GPS devices was 274 (± 19) m, which was 7 (± 7) % greater 
than the total manual measurement of 256 m. The GPS data was most inaccurate 
during the earliest measurement session, where GPS measurements were most 
varied (Figure 4-17).  
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From the GPS and pedometer data collection sessions at the animal facility, 
both GPS and pedometer results showed good correlation (r ≥ 0.98) with the 
manually recorded step count (Table 4-2). Two of the four pedometer devices 
contained missing data sets where devices had been bumped and switched off during 
recording sessions, and so results from these devices were excluded. As a percentage 
error, the two remaining pedometer devices overestimated the step count, by 15 % 
and 9 % respectively.  Mapped GPS location data from both the park experiment 
(Figure 4-18, left) and the animal facility experiment (Figure 4-18, right), demonstrate 
where the tracked coordinates (pink) deviated from the actual travelled paths 
(yellow); or in the case of the animal facility data, where location points were set 
outside the perimeter of the penned yard (yellow).  
Parameter  Session 1 Session 2 Session 3 r % error 
 distance  
( G. 
1) 305.2 242.7 119.1 0.99 - 
 
(G. 2) 346.2 257.4 106.7 0.98 - 
 speed (G. 1) 367740 313488 115344 0.999 - 
 
(G. 2) 393228 301212 122112 0.99 - 
 pedometer count (P. 1) 946 785 393 0.999 15% 
 
(P. 2) 784 739 425 0.999 9% 
 observer count (O. 1) 792 694 334 - - 
 
(O. 2) 768 696 372 - - 
observer count  780 695 353 - - 
SD observer count  17 2 27 - - 
Table 4-2 GPS and Pedometer results compared against manual step count, where  = mean, SD = 
standard deviation, ‘-‘ means not applicable, G.1 and G.2 refer to GPS devices 1 and 2, P.1 and P.2 
refer to pedometer devices 1 and 2, O.1 and O.2 refer to observers 1nd 2.  
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Figure 4-18  Mapped GPS Coordinates from accuracy test at Taringa Park (Moorak St, Taringa Qld) 
and animal trial at the animal facility (MERF, Staib Road, Chermside Qld). 
Inertial Sensors 
The instances of correct and incorrect data classifications from the training, 
validation, test and the combined results of the Neural Network are outlined as 
confusion matrices from using gyroscope and accelerometer inputs (Figure 4-19), and 
accelerometer only inputs (Figure 4-20).  From the combined results (‘All Confusion 
Matrix’), the developed Neural Network was able to correctly classify 85.5 % of the 
gyroscope and accelerometer combined, and 80.4 % of accelerometer data alone. For 
both cases, the majority of misclassifications were of the walking data: 22.3 % of 
walking data was misclassified from gyroscope and accelerometer data combined, 
and 42.9 % of walking data for the accelerometer alone.  
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Figure 4-19 Results of the Neural Network Classification approach to classify acceleration and 
gyroscope data (Input File 1). Accuracies are represented in confusion matrices, where data in 
green shows instances where output and target class matched, and the data in red shows were 
output data was misclassified. Results in grey along the bottom show the percentage of output 
instances that were correctly identified as the relevant target class: (1) inactive, (2) walking, or (3) 
running. The results in the blue boxes are the total percentage of data points which were correctly 
classified.   
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Figure 4-20 Results of the Neural Network Classification approach to classify acceleration data 
alone (Input File 2). See Figure 4-19 for explanation. 
4.4.6 Discussion  
The purpose of this experiment was to determine which of three approaches 
would be most suited to monitoring sheep activity in a preclinical animal study. The 
first two approaches included using GPS and pedometer devices to capture an overall 
activity count. The third approach used inertial sensors to classify sheep activity as 
either inactive, walking or running.  
The GPS devices were initially tested for measurement accuracy over a 255 m 
travel path, where on average, the devices estimated total distance travelled as only 
7 (±7) % greater than the true measurement. There was however, significant variation 
among the four devices during the early stages of measurement. This may be a result 
of the time to first fix (TTFF) period, which as discussed, is when location data can be 
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absent or inaccurate while the GPS device first attempts to lock onto satellite signals; 
which is one of the general limitations of GPS devices.79 From the data collected from 
sheep during three activity sessions at MERF, the summed distance and speed 
measurements were highly correlated (r ≥ 0.98) with the manually recorded step 
count. The significance of this result however, is limited by the small sample size; as 
correlation coefficients were determined by comparing measured and observed 
variables over only three time points (the three sessions).  
Although the results obtained from this experiment appear promising for the 
GPS devices, the animal handlers observed that the animals were far more active 
than usual during the recording sessions. The sheep were most often moving to get 
away from the monitored sheep, the observers, or the animal handlers. When left 
alone, the sheep spend far more time standing and grazing. It is possible that this 
much slower, stop-start behaviour would be less accurately captured by the GPS 
devices. Furthermore, the particular GPS devices used are programmed to go into 
sleep mode after periods of inactivity (of unknown length), which may mean the 
devices have to relocate satellite signals after any sufficiently long period of inactivity. 
Furthermore, given the low sample rate (0.5 Hz) and an overall accuracy of 5-10 
meters, any on the spot activity within a less than 5-10 m radius is not likely to be 
captured. Designed as novelty devices for monitoring pets, an option for changing 
these (or any other) parameters was not available, and the details of the sleep mode 
were not specified.  
The pedometer step counts were also highly correlated with the observed step 
counts (r ≥ 0.98). Two of the devices produced step counts only 15 % and 9 % greater 
(on average) than the observed counts. The results of the other two (of the total four) 
pedometers were omitted, as these devices had been accidently reset during the 
measuring sessions; this could be prevented in future with protective cases. The 
pedometers used were very low cost and basic, and more advanced pedometers, 
such as those which use accelerometer chips, may produce a more accurate step 
count of the animals. It would also be advantageous to capture time data, which is 
something only more expensive ranges of pedometer devices can do. Furthermore, 
the clicking noise created by the mechanical pedometers may have been upsetting 
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the other sheep, as sheep actively avoided the monitored sheep during the 
GPS/pedometer recording sessions – particularly during the first session – but did not 
in the noiseless inertial sensor trial. Again this suggests that accelerometer based 
pedometers would be more appropriate. Overall, pedometers offer a feasible 
approach for providing a daily activity count of sheep activity, but more sophisticated 
devices would be required.  
The third approach investigated was the activity classification method using 
inertial sensors and the MATLAB Neural Network Toolbox (version R2011a, 
Mathworks Inc., United States). From the collected inertial sensor data, a 
classification algorithm was developed which was able to classify sheep activity as 
either inactive, walking or running with 85.5 % accuracy from the summed SVM 
values of the 3-axis accelerometer and 3-axis gyroscope data, and with 80.4 % 
accuracy from the summed SVM accelerometer data alone. The Neural Network 
Toolbox was quick and simple to use, and the most time consuming processes were 
creating the target variables from the video data, and arranging the input and target 
data in the appropriate form for the network. From both inputs, most 
misclassifications were of walking data being classified as inactive, which was 
unexpected, as visually the difference between active (walking or running) and 
inactive data is quite distinctive. Therefore, this may be a result of misclassification 
errors in the target data set and requires further investigation. By re-assessing the 
input data and trialling different feature inputs and pattern recognition methods, it 
is possible that a more accurate classification model could be achieved. 
Overall, inertial sensors are considered the most reliable approach as these 
devices are not reliant on satellite reception and both the control of data collection 
parameters and data access is greatest. The advantage of greater data control/access 
is the processing options this affords; the raw output can be processed into whatever 
count, measure or category is most useful for describing sheep activity, rather than 
relying on an arbitrary count or total distance. From a data processing and design 
perspective, the classification approach is lengthier than a count approach but not as 
complex as expected, producing reasonably accurate results relatively quickly. 
Furthermore, once the classification model is developed, data processing will be 
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almost as quick as processing basic count data.  Overall, the inertial sensor and 
activity classification approach is recommended for future development.      
4.4.7 Summary of Conclusions 
 Three approaches were experimentally investigated and compared in terms 
of usefulness, reliability, and ease of data processing and interpretation. 
These included: an activity count with GPS devices; an activity count with 
mechanical pedometers, and; activity classification with inertial sensors.   
 The activity classification with inertial sensors approach was selected as the 
most appropriate option for logging sheep activity as it is the most reliable 
measurement and provides the most relevant data. Although it requires 
greater processing time, once developed, this approach also has the 
greatest potential for future development. 
 For the future animal study, long term inertial sensing devices should be 
acquired, and the activity classification method should be further 
developed.  
4.5 Activity Classification Model 
4.5.1 Aims 
1. Develop an algorithmic approach for classifying sheep activity from 
accelerometer data, by trialling and comparing combinations of the 
following features and pattern recognition methods: 
I. Features: mean, standard deviation (SD) and signal magnitude area 
(SMA) of the signal vector magnitude (SVM) acceleration values. 
II. Pattern Recognition Approaches: Neural Network machine learning 
and the User Defined Threshold approach.  
4.5.2 Background 
From the investigation described in Section 4.4, an inertial sensor approach was 
identified as the most appropriate option for logging sheep activity, as compared to 
GPS or pedometers. The inertial sensor was found to be a more accurate/reliable 
measure than GPS, and provided more detailed data than pedometers, with respect 
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to time and magnitude parameters of animal movement. In Section 4.4 an activity 
classification system was established from a neural network, which categorized 
collected inertial sensor data as either inactive, walking or running behaviour with 85 
% accuracy. The focus of Section 4.5 is to improve the created activity classification 
model, by extracting different data features from the inertial sensor data, and 
trialling different pattern recognition approaches. 
4.5.3 Data Processing 
Re-Assessment of Classification Data 
The process for developing pattern recognition algorithms, whether by 
machine learning or ser defined methods, requires classified data to learn from. 
Specifically, it requires an input file which lists the feature data calculated from the 
raw sensor output, and a target file listing binary representations of the 
corresponding class; which in this case, include inactive, walking and running 
behaviour. The accuracy of the developed algorithm is then assessed by comparing 
the output of the developed method with the target file, assuming the target file is 
100 % accurate. As the target file is based on time periods identified from simply 
playing and pausing a video recording, 100% accuracy cannot be assumed. It is 
possible for short bursts of activity (e.g. a couple of steps) to be misclassified as 
inactive behaviour, and likewise, short pauses in activity to be misclassified as active 
behaviour. Any transition periods between the three classes of behaviour are also 
vulnerable to misclassification. Consequently, the classified data was re-examined 
visually for classification errors.  
Using the Sabel Data Analysis software, the SVM accelerometer signal from the 
phone recorded sensor data was played against the video recording. From visually 
examining the paired sensor and video data, the signal patterns for standing, running 
and walking activities are distinctive (Figure 4-21). The signal plateaus during inactive 
periods (Figure 4-21, left), and oscillates during movement, with running behaviour 
(Figure 4-21, middle) producing greater magnitudes than walking behaviour (Figure 
4-21, right). Based on these clear visual distinctions, the classified activity data was 
re-examined and manually filtered: large oscillations (or data spikes) were removed 
from the inactive data set, and any flat portions within the walking and running data 
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sets were removed; Figure 4-22 shows the original data set and Figure 4-23 shows 
the refined data set. Inactive, walking and running signals were then repeated to 
create a denser set of data (Figure 4-24). Re-running the previously developed Neural 
Network (based on summed SVM features) over the new accelerometer data set 
already shows an improvement in overall accuracy, from 80.4 to 89.7 % (Figure 4-25).  
   
Figure 4-21 Standing, running and walking behaviour captured by video and SVM accelerometer 
data. Video and sensor data are viewed simultaneously using Sabel Data Analysis software.   
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Figure 4-23 Summed SVM accelerometer data from the original input files, after removing data 
spikes from inactive data and flat portions from active data. 
 
Figure 4-24 Data from figure 4-23 repeated three times within each category to increase the size of 
the data set. 
   
Figure 4-25 Original (left) compared with new (right) input data set (summed SVM acceleration 
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Data Processing: Unit Conversion, Normalizing and Filtering.  
Until this point the SVM data has been analysed in its raw form. In its raw form, 
the data is expressed in units of m/s2, and at rest, is slightly offset from the value of 
gravity (9.8 m/s2). To be comparable with the data set produced by the Sabel Sense 
inertial sensors, the SVM data was converted to g units (9.8 m m/s2 = 1 g) and 
normalized around zero (at rest) to remove any sensor offsets. Then to reduce noise, 
data was filtered using a moving average filter; averaging the data across four points 
with equal weighting like so, [¼ ¼ ¼ ¼]. As the Sabel Sense output data (in g’s) is both 
amplified and offset, it too requires processing by de-amplifying the data and 
normalizing around zero g’s, followed by filtering with the same moving average 
filter. Processed data from walking up and down with the phone and Sabel Sense 
devices kept in each hip pocket is shown (Figure 4-26), illustrating how the processing 
method has made the phone data and sable sense data comparable. This processing 
is crucial for the developed classification model to be compatible with the Sabel 
Sense devices. All processing was done using MATLAB (version R2011a, Mathworks 
Inc., United States). 
 
Figure 4-26 Processed Sabel Sense and mobile phone collected SVM accelerometer data from 
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4.5.4 Feature Selection 
In section 4.4, the feature analysed was the sum of the SVM acceleration values 
over a 1 second window from data collected at 20 Hz. But as the lowest sampling 
frequency available in the Sabel Sense devices is 25 Hz, summing the data per time 
window is no longer appropriate. To rectify this, the average and the standard 
deviation of each window were calculated, as these features represent the 
magnitude of the SVM data without being affected by the sample rate. Simple 
magnitude based features are most popular among the literature. A less commonly 
used feature is the signal magnitude area (SMA), but as this has been found to 
correlate well with energy output139, it too was calculated and compared against the 
other features. The signal magnitude area is the area under the absolute curve, over 
the given time windows, and was calculated using trapezoidal numerical integration. 
All features were calculated using MATLAB (version R2011a, Mathworks Inc., United 
States). 
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4.5.5 Pattern Recognition Methods 
Two pattern recognition methods were trialled; the Neural Network machine 
learning pattern recognition approach, and the User Defined Threshold-based 
approach. The first was performed on each of the new data features (mean, SD and 
SMA) as before, using the Neural Network Pattern Recognition Toolbox in MATLAB 
(version R2011a, Mathworks Inc., United States) (Section 4.4.4). For the second 
approach, thresholds were determined between activities by plotting a histogram of 
the three features and fitting an appropriate probability density plot using the 
Distribution Fitting Tool in MATLAB (version R2011a, Mathworks Inc., United States). 
The probability density plots for the mean (Figure 4-27), SD (Figure 4-28) and SMA 
(Figure 4-29) are shown, and the distribution type is specified in the legend. Of the 
three features, SD and SMA separated the categories most distinctively. Inactive 
behaviour was most clearly distinguished from active behaviour in the SD plot, from 
which a threshold of SD = 0.02 was established. Walking behaviour was most clearly 
distinguished from running behaviour in the SMA plot, from which a threshold of SMA 
= 4 was established. The established thresholds were then applied to the data 
following the decision pathway outline in Figure 4-30.  
 
Figure 4-27 From inactive, walking and running data sets, mean SVM data per 1 second window 
(‘Data’) is plotted against probability density (‘Density’), which describes the likelihood that the 
measured variable will equal the given data value. True data is represented by the bars, and the 
curves represent the approximated probability curve. Where the three probably plots intersect 
indicate the threshold points between activity categories.    
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Figure 4-28 From inactive, walking and running data sets, the standard deviation of the SVM data 
per 1 second window (‘Data’) is plotted against probability density (‘Density’), which describes the 
likelihood that the measured variable will equal the given data value. True data is represented by 
the bars, and the curves represent the approximated probability curve. Where the three probably 
plots intersect indicate the threshold points between activity categories.   The inactive category is 
clearly distinguished from the walking and running categories.  
 
Figure 4-29 From inactive, walking and running data sets, the signal magnitude area of the SVM 
data per 1 second window (‘Data’) is plotted against probability density (‘Density’), which 
describes the likelihood that the measured variable will equal the given data value. True data is 
represented by the bars, and the curves represent the approximated probability curve. Where the 
three probably plots intersect indicate the threshold points between activity categories.  The 
inactive category is clearly distinguished from the walking and running categories. The walking and 
running categories are well defined here.  
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Figure 4-30 Decision pathway for the User Defined pattern recognition approach.  
4.5.6 Results 
The accuracies of each method were established by comparing the outputs of 
each method against the target data in confusion matrices. Four Neural Networks 
were created from each the mean, SD and SMA data features, and one from all three 
features (Figure 4-31); the overall accuracies of each were 89.4 %, 86.7 %, 93.5 % and 
92.5 % respectively.  Each network was able to accurately classify 100 % of inactive 
data as inactive. In the SD, SMA and All Features Network, the majority of 
misclassifications were between walking and running behaviour; most of the 
misclassified walking data was classified as running, and most of the misclassified 
running data was classified as walking. The Mean Network however, equally 
misclassified walking behaviour as both inactive (3.7%) and running (2.5%) behaviour, 
but like the other Networks, misclassified running data were mostly classified as 
walking. The User Defined decision pathway, based on SD and SMA feature 
thresholds, was 93.8% accurate overall (Figure 4-32). Like the Neural Network 
approach, the inactive classifier was 100 % accurate, and the majority of 
misclassifications were between walking and running.  
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Figure 4-31 Neural Network outputs compared with target classifications; where 1 is inactive, 2 is 
walking and 3 is running.  
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Figure 4-32 Accuracy of the User Defined decision pathway based on SD and SMA feature 
thresholds, against the target classifications; where 1 is inactive, 2 is walking and 3 is running.  
4.5.7 Discussion  
Three data features and two pattern recognition methods were applied to the 
previously collected activity classification data. The three features included the mean, 
standard deviation (SD) and signal mean area (SMA) calculated from filtered SVM 
acceleration data (in g-units, normalized to zero at rest), across 1 second windows 
(20 data samples per window). The two methods included the Neural Network 
machine learning pattern recognition approach, and the User Defined Threshold 
approach. Four Neural Networks were created by the Neural Networking toolbox, 
from four different sets of input data: mean, SD, SMA and all three features 
combined. The mean and SD based networks classified data with accuracies over 85 
%, and the SMA and all features based networks classified data with accuracies over 
90 %. In the User Defined Approach, the classified data was examined manually to 
determine threshold values between classes. Then from the established thresholds, 
a logic based decision pathway was developed, which classified data with over 90 % 
accuracy.  
The most significant limitation of this study is the limited data set. The data was 
obtained from one animal, and was repeated to increase the data input required for 
developing the Neural Network. The risk of relying on this limited data set is that it 
biases the network to learn based on a single measurement. To ensure the validity of 
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the developed Neural Network, a greater data set is required to investigate 
consistency.  
The disadvantage of the Neural Network over the User Defined Approach is the 
lack of control and insight over the developed classification algorithms. The opposite 
is true for the User Defined Method. From the User Defined Approach, it was clear 
that signal standard deviation (SD) was the most distinguishing feature differentiating 
active and inactive behaviour, and the signal magnitude area (SMA) was the most 
distinguishing feature differentiating walking and running behaviour. As the SD is the 
best feature for describing the oscillation magnitude, it makes sense that this 
parameter would be best for distinguishing between active and inactive behaviour 
(based on what was observed visually). Furthermore, as SMA has been found to 
correlate with energy output139, it too seems logical that this would be the best 
feature for separating walking and running behaviour. Therefore, the User Defined 
Method is recommended for processing animal activity in the future animal study.   
4.5.8 Summary of Conclusions 
 Five algorithmic approaches for classifying sheep activity from 
accelerometer data were developed, that correctly classified data as 
inactive, walking or running behaviour with over 85 % accuracy.  
 The SD feature most clearly distinguished between active and inactive 
behaviour, and the SMA feature most clearly distinguished between 
walking and running behaviour. 
 The User Defined Approach, which accurately classified 93.8 % of data, was 
chosen for the upcoming animal study as it was the most accurate and 
most adaptable method.  
4.6 Chapter Discussion 
A method for monitoring activity using inertial sensor data was established in 
sheep for the first time. This method includes data collection, processing and 
classification processes (Figure 4-33), to output instances of inactive, walking or 
running behaviour over time. For this method to be applied, sheep are to wear 
inertial sensors attached at the chest with a body harness. Acceleration x, y and z 
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data collected from the sensors are then transformed into single signal vector 
magnitude (SVM) values, filtered and processed into standard deviation (SD) and 
signal magnitude area (SMA) values, over 1 second windows. From the SD and SMA 
features, every 1 second interval is classified as either inactive, walking or running 
behaviour, based on user defined thresholds. A total count of instances of these 
behaviours, can be collated over a relevant time interval (for example, a 6 hour 
block), and displayed over time to distinguish activity trends.  
 
Figure 4-33 A schematic of the developed activity classification process form monitoring sheep 
activity. 
One of the limitations of this method is that it does not account for variations 
between individual sheep. However the sheep selected for orthopaedic studies are 
deliberately chosen to be as similar as possible in terms of weight, gender and breed, 
helping to minimise the differences between animals. Furthermore, given the 
difference between active and inactive behaviour is so distinct, the “inactive” 
classifier should be reliable regardless of individual differences. But given the 
similarities in walking and running outputs, it is possible that using this method could 
result in over or under representations of time spent walking versus running for some 
individuals. This would limit the validity of comparing walking/running behaviours 
between individuals; however, comparisons within individuals over time may still be 
valid.  
Furthermore, walking and running are not the only “active” behaviours 
performed by sheep. In the developed classification method, active behaviour is 
classified as either “walking” or “running” based on whether or not the signal 
magnitude area (SMA) falls below or above a threshold value of 4 g units, however, 
other categories of active behaviour (i.e. limping or jumping) would fall either side of 
the 4 g units threshold too. Given the correlation between SMA and energy 
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expenditure139, it may be more accurate to classify activities resulting in SMA data 
above or below 4 g units as either “mild” or “intense” respectively. A greater data set 
that included multiple instances of unloading, limping and jumping (if possible) are 
recommended for future activity classification development; ideally the data set 
would also include instances of falling, however this would be difficult to achieve 
ethically.   
A further limitation of the developed model is that it is unable to distinguish 
between sitting and standing behaviours; as sheep are naturally wary of humans, 
they were never relaxed enough to sit during the monitoring sessions. There are 
however, methods of analysing unsupervised data which could be explored; for 
instance Fourati et al.137 were able to detect postural transitions from unsupervised 
accelerometer data using low pass filters, which could also be implemented here. 
Again, if possible, a greater data set that included multiple postural changes is 
recommended for future activity classification development.  
Overall, the developed classification method can differentiate between active 
and inactive behaviour, and between mild and more intense activities (with respect 
to energy output) in sheep, with reasonable reliability. In the broader context of this 
research, the significance of the developed method is that it offers a solution for 
characterising the mechanical environment in terms of animal activity levels.  The 
next step is to apply the newly developed activity monitoring method in a preclinical 
animal trial.   
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Chapter 5: In Vivo Monitoring in a Preclinical 
Bone Healing Model  
5.1 Overview 
This chapter assesses the bone healing and animal activity monitoring methods 
developed in Chapters 3 and 4, from their application in a preclinical animal study.  
Section 5.2 summarises the methods and discusses the purposes of the work covered 
in this chapter. Section 5.3 covers the application and results of the animal study, 
discussing the performance of the established methods and making 
recommendations for future development. Section 5.4 applies the loading conditions 
established from the animal study in mechanical testing of the preclinical model, 
using cadaveric sheep tibiae; from which the produced interfragmentary movement 
and strain response of the DCP are assessed. And finally, Section 5.5 describes the 
mechanical testing of the implanted bone scaffolds, discussing environmental factors 
which may affect their mechanical properties. So as not to be repetitive, this chapter 
does not include a final chapter discussion (like Chapters 3 and 4), as it is directly 
followed by the final discussion and concluding remarks of this dissertation.   
5.2 Introduction 
In Chapters 3 and 4, two novel methods for in vivo monitoring of preclinical 
animal models where developed, including an instrumented fixation approach for 
monitoring healing, and an activity monitoring system for characterizing the 
mechanical environment. The instrumented fixation approach includes a customised 
sensor (developed in collaboration with the AO Research Institute, Davos, 
Switzerland), which is secured to the surface of a dynamic compression plate and 
implanted in the animal according to the established defect model (Figure 5-1, left). 
The device is calibrated to measure the load carried by the plate, which is expected 
to decrease as the defect heals; thereby providing a tool for monitoring healing. In 
the activity monitoring system, the animal wears a body harness equipped with 
inertial sensors, which record accelerations due to daily activity (Figure 5-1, right). 
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These accelerations are then processed using a customized classification algorithm, 
to output total minutes per hour spent on mild or intense activity, thereby 
characterising the mechanical environment with respect to functional load history 
(the more general terms of mild/intense replace the original walking/running 
classifiers as accuracy with respect to specific gaits cannot be ensured). This Chapter 
evaluates the performance of the developed monitoring methods when applied in a 
preclinical animal study, followed by in vitro mechanical testing to investigate the 
mechanical environment due to functional loading.   
   
Figure 5-1 The AO Fracture Monitor and SABEL Sense Activity Monitor used to monitor bone 
healing with respect to internal loading and characterise the mechanical environment in terms of 
animal activity. 
5.3 Application of Monitoring Methods in an Animal Study 
5.3.1 Aims 
1. Apply and assess the performance of the fracture and activity monitoring 
systems in an animal study. 
5.3.2 Method 
The developed monitoring devices were applied in an animal study designed 
for a separate research project, which used the relevant animal model: a 60 mm 
defect in a sheep tibia, plated with a Dynamic Compression Plate (DCP). The 
treatment groups included: (1) the autogenous bone graft (ABG) from the pelvis (the 
standard treatment); (2) ABG plus a medical grade polycaprolactone tricalcium 
phosphate (mPCL-TCP) scaffold (Osteopore International, Singapore); (2) a Reamer-
Irrigator-Aspirator (RIA) (DePuy Synthes, United States) harvested graft from the 
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femur, and; (3) the RIA graft plus mPCL-TCP scaffold treatment group. For this 
research, 6 sheep from the 12 month, ABG plus mPCL-TCP scaffold group was chosen 
for monitoring; but due to early complications and euthanasia of one of the animals, 
the results of the other five are presented only. Ethics approval was granted by the 
University Animal Ethics Committee (UAEC) (ethics number 1300000453). 
The first step of the surgical procedure for the 6 animals selected for monitoring 
was to harvest a section of the iliac crest and insert the grounded bone material into 
the scaffold (Figure 5-2, A-C). Then an incision was made along the medial aspect of 
the tibial diaphysis, and the plate was aligned 2 cm proximal (above) from the medial 
malleolus (ankle). The plate used was a 12-hole, stainless steel, dynamic compression 
plate, of 5.6 mm thickness; these plates were custom made by cutting 12-hole 
sections from Femoral Angle Blade Plates (DePuy Synthes, United States). Pilot holes 
(aiming for the centre of the screw holes) were drilled for the four most proximal and 
four most distal screw holes using the plate as a guide (Figure 5-2, D): the centre most 
holes were drilled first and had bone screws inserted temporarily to keep the plate 
in place. The plate was then removed and the 60 mm mid-section of bone was 
removed using an oscillating saw to create the defect (Figure 5-2, E-F). The plate was 
secured to the bone using Veterinary, 4.5 mm, self tapping bone screws (DePuy 
Synthes, United States), which were tightened (loosely) from proximal to distal end 
(Figure 5-2, G-H). Then the scaffold plus ABG was inserted into the fracture gap, and 
then the screws were tightened firmly by feel (Figure 5-2, I). The AO fracture monitors 
were then secured to plate before the area was closed and sutured (Figure 5-2, J).  
 
Figure 5-2 Surgical procedure of the animal study, see text for description. 
The fracture monitors were secured to the plate with two small screws, 
screwed into threaded holes which had been specially machined into the plates 
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beforehand (Figure 5-2, J). Once the defect site had been closed and sutured, the 
fracture monitors were then activated by holding the RFID reader against the skin 
and sending the activation command. Once initiation had occurred, a caster splint 
was applied. Casts were worn for 10 plus weeks, and removed on days 79 (week 12), 
77 (week 11), 88 (week 13), 67 (week10) and 64 (week 10) post-surgery for animals 
1295, 1301, 1267, 1303 and 1296 respectively.  All animals were initially confined in 
a semi-outdoor enclosure before being released together into the MERF animal yard 
on days 148 (week 22), 147 (week 21), 126 (week 18), 105 (week 15) and 102 (week 
15) post-surgery, for animals 1295, 1301, 1267, 1303 and 1296 respectively.  
Data from the fracture monitors were collected using the same hand held RFID 
reader used to initiate the devices. Animals were herded into a small room, and 
isolated one at a time using a custom animal lift to access the limb. The reader was 
plugged into a personal laptop computer (with a USB cable), and held against the skin 
at the site of the fracture monitor for data transfer. Collected data was then uploaded 
to the AO fracture Monitor portal, which plotted the output in terms of average daily 
load and average load cycles per hour. Days 1-110, 1-43 and 1-50 were recorded for 
animals 1295, 1301 and 1267 respectively before device failure occurred. Animal 
1296 failed to initiate on day 1 and was instead initiated on day 75 and data was 
recorded for days 75-109 before device failure occurred. 
To monitor activity, the animals began wearing activity monitoring body 
harnesses for 3-5 day periods, starting 2-3 weeks after surgery (Figure 5-3).  Sabel 
Sense inertial sensors (acquired in partnership with Sabel Labs, Griffith University) 
were secured to the chest plate of the ramming harnesses, and wrapped with gauze 
and veterinary tape to provide padding. These devices were equipped with large 
battery packs so they could be worn long term. Sabel Labs also provided user 
interface software for uploading data and controlling sensor settings, and data/video 
analysis software, enabling data to be played alongside video recordings. 
Significant dates and data collection records from the monitoring devices used 
in the recent animal study are outlined in Table 5-1. Activity monitoring (AM) sessions 
are listed with respect to time (recording start date) and animal ID. The AM/FM 
indicator means that the fracture monitor (FM) was also recording during that 
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session. The final two rows list the days recorded by the fracture monitor (where Day 
1 is the day of surgery), and the total number of recorded activity sessions per animal.  
 
Figure 5-3 Sabel Sense inertial sensor secured to sheep using a body harness. 
  1295 1301 1267 1303 1296 
















Jul 23rd, 2014 FM FM - - - 
Aug 1st  FM FM - - - 
Aug 21st  AM/FM FM AM/FM - - 
Sept 1st  AM/FM AM AM/FM AM - 
Sept 21st  AM/FM AM AM/FM AM AM 
Oct 3rd AM/FM AM AM AM AM 
Oct 23rd  AM/FM AM AM AM AM 
Nov 10th  - AM - AM AM/FM 
Dec 11th   AM AM AM AM AM/FM 
Jan 8th, 2015  AM AM AM AM AM 
May 4th  AM AM AM AM AM 
FM: day on-off (day 1 
= day of surgery) 
1-110 1-43 1-50 - 75-109 
AM: number of 
activity monitoring 
sessions 
9 8 8 8 7 
Table 5-1 Monitoring information for each sheep including start dates for activity monitoring (AM) 
recording sessions, and on-off days for the fracture monitors (FM).  
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5.3.3 Data Processing 
The fracture monitor data was uploaded to the “Fracture Monitor Portal” 
graphical user interface created by the AO Research Institute (Figure 5-4). This portal 
saves the data into individual animal portfolios, where operation dates and other 
animal information (e.g. gender) can also be manually entered. The data is presented 
in six forms, two relating to the load magnitudes and four relating to the load cycles. 
 
Figure 5-4 Fracture motion plot from the AO Fracture Monitor Portal, showing results for sheep 
1296. The fracture motion plot shows the load reading from the fracture monitor against time 
(days). There are also “activity” plots available, which present number of loading cycles over time.  
The Fracture Motion plot presents the average load measured over 6 hour 
blocks, corresponding to 0-6, 6-12, 12-18 and 18-24 hours of each day (shown in 
Figure 5-4). Filtered Motion, presents average loading data across the same time 
periods, but separated into three different thresholds: (1) average of all data above 
20 N; (2) average of all data above 500 N, and; (3) average of all data above 1000 N. 
Fracture Activity presents a bar graph of the average load cycles per hour, averaged 
over the same 6 hour blocks; day-time data (6-12 and 12-18 hours) is presented 
above the horizontal axis and night-time data (0-6 and 18-24 hours) is presented 
below. The Daily Activity graph plots the median load-cycle values for each of the four 
time blocks, demonstrating the differences in activity levels between time periods. 
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Normalized Activity shows changes in the proportion of time spent in each loading 
threshold, and Cumulative Activity is useful for examining the rate of change in 
activity, demonstrated by the slope of the curve. Examples of each graph are 
presented for animal 1296 in the Results (Section 5.3.5).  
The collected accelerometer data was saved in multiple files (roughly one per 
day) within a single file for each recording session (specified by the date of 
application), and processed using the classification algorithm developed in Chapter 
4. The algorithm was written using MATLAB (version R2011a, Mathworks Inc., United 
States), and performs the following steps:   
1. The user is prompted to select all activity files (in .mat form) from a 
recording session, and name the final output file after the animal and 
recording session (date) being analysed.  
2. Files are uploaded to the workspace as one continuous session variable. 
3. Accelerometer data (x, y and z) are de-amplified and filtered, and the 
signal vector magnitude (SVM) is calculated.  
4. The standard deviation (SD) and signal magnitude area (SMA) of the 
SVM curve is calculated across consecutive bins of 25 samples 
(corresponding to 1 second windows).  
5. Data is classified per second according the following threshold rules:  
i. If SD ≤ 0.02, class = “inactive” 
ii. If SD > 0.02 & SMA ≤ 4, class = “mild activity” 
iii. If SD > 0.02 & SMA > 4, class = “intense activity” 
6. The SVM, SD, SMA and Class outputs are saved as separate sheets in the 
final Excel file (.xlsx) for future reference.  
7. Total time (in minutes) spent on each activity is summed per hour, and 
saved as a sheet labelled “output” in the final Excel file. 
From the created activity session files (specifically the “output” sheet), box 
plots were assembled for each animal for both mild and intense activity, grouping 
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minutes/hour spent active by month. Examples of these box-plots are presented for 
animal 1296 in the results. 
5.3.4 Performance Assessment 
The following aspects of the fracture monitoring and activity monitoring 
systems were assessed: functionality, animal welfare, user interface, and method 
limitations (Table 5-2 and Table 5-3). 
Fracture Monitoring System 
Functionality   Fracture monitor devices were able to continuously record between 
1-3 months, but failed before a more significant time period (6 
months) could be reached. 
 Data collection required significant additional man hours (3-4 hours 
required for herding/isolating six sheep and collecting data per session).  
 Data transfer was slow (30 minutes per device) and wireless connection 
poor (frequent disruptions to connection).  
 There was no feedback to indicate whether device initiation was 
successful, or for providing sensor diagnostics.  
Animal Welfare  Implantation of devices required minimal addition to time of surgery (< 
10 minutes for application onto dynamic compression plate and sensor 
initiation).  
 Skin tension created in closing the skin over both the sensor and the 
dynamic compression plate may have caused discomfort; however, it 
was observed that skin tightness (measured by palpating the area) was 
reduced to normal (compared with the contra lateral limb) within 1-2 
weeks of surgery.    
 Animal herding and isolation for data retrieval may have caused stress 
and/or resulted in the animal overusing their affected limb. 
User Interface  The process for separating loading data into separate thresholds was 
faulty i.e. line graph of average loads above 1000 N included data 
below 1000 N, indicating an error in data processing. 
 Processed data was inaccessible from the portal for further analysis. 
Limitations  Calibration was based on potentially over simplified loading 
conditions. 
 No sensor diagnostics available to ensure data accuracy.  
Table 5-2 Assessment of the Fracture Monitoring System from application in described preclinical 
animal study.  
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Activity Monitoring System 
Functionality  The activity monitoring harnesses did appear to affect the animals’ gait 
or range of motion. 
 With sufficient charge the fracture monitors could record for up to six 
days, however monitoring was limited to 4 days (for animal welfare 
purposes). 
 The harness occasionally came loose, which could affect sensor results.  
 Harness application/removal and animal monitoring required 
significant additional man hours (1-2 hours for herding six sheep and 
applying harnesses, 20 minutes required for removal, daily checks 
required to ensure harnesses had not loosened or were causing harm) 
 Additional man hours were also required for preparation (harnesses 
needed to be cleaned in between sessions, data upload could take 15-
20 minutes per device, and battery charge could take 3+ hrs per device). 
Animal Welfare  Animals did not display any signs of distress (stamping, heavy breathing, 
teeth grinding) when wearing the harness. 
 Animal herding for device removal/application may have caused stress 
and/or resulted in the animal over loading their affected limb. 
 Long term use (excess of 4 days) resulted in skin irritation behind the 
front legs (hence the length of wear was limited to ≤ 4 days). 
User Interface  Raw data access provided opportunities for future analysis i.e. analysis 
using new/improved classification algorithms.   
 Uploaded data files misrepresented the amount of captured data, due 
to a settings fault.   
 SABEL Sense software/settings failure resulted in accidental overwrite 
of early data.  
 SABEL Data Analysis software allowed visual comparison of video and 
sensor data, however software frequently crashed.  
Limitations  The classification algorithm was designed from a single measurement. 
 Abnormal gait or falling incidents could not be detected using the 
developed classification algorithm. 
 No video recording or other validating method was used to confirm the 
interpretation of the collected activity data.      
 Ethically, the devices were unable to be worn when complications 
occurred, limiting the data to successful cases only.  
Table 5-3 Assessment of the Activity Monitoring System from application in described preclinical 
animal study. 
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5.3.5 Results 
The x-ray results show the gradual development of bone tissue throughout the 
defects of all five animals (Figure 5-5). Minimal bone formation appears at week 12 
(i.e. 12 weeks post-surgery). At week 24, unbridged bone tissue is observed through 
the centre shaft of the scaffold (i.e. where the graft material is most densely packed), 
formed most densely toward the proximal and distal bone fragments in animals 
1295,1301, 1303 and 1296, and toward the proximal fragment in animal 1267. 
Increased density and thickness of the newly developed tissue is observed at week 
36. At week 48, incomplete columns approximately half the diameter of the distal 
tibial segment, are observed in all five animals. 
The fracture monitors captured data from the first 16 weeks post-surgery, and 
are presented in terms of average daily axial loading and load cycles; graphics from 
the AO fracture portal are presented in Appendix A. The mean (± standard deviation) 
of the average daily load measured in four of the five sheep by the fracture monitors 
was 200 N (± 57 N), with a minimum of 70 N and a maximum of 333 N. The maximum 
loads measured by the fracture monitors for animals 1295, 1301, 1267 and 1296 were 
892 N, 1373 N, 1137 N and 1248 N respectively. Overall, the average daily load slightly 
decreased over time for animals 1267 and 1296 by approximately 50 N (from 200 N 
to 150 N and from 325 N to 275 N respectively), and gradually increased over time by 
approximately 125 N and 150 N for animals 1295 and 1301 (from 100 N to 225 N and 
from 75 N to 225 N respectively) (Figure 5-4).  
A significant increase in average loading of 66 N occurred for animal 1295 on 
day 10 (from 81 N on day 8, to 147 N), followed by a significant decrease of 72 N on 
day 26 (from 198 N on day 24, to 126 N); at both time points a fracture monitor 
reading was made, which required removing and reapplying the animal’s cast. 
Similarly, for animal 1301, there was a significant decrease in average loading of 56 
N on day 12 (from 169 N on day 10, to 113 N), and a significant increase of 55 N on 
day 18 (from 115 N on day 16, to 210 N). Sensor readings and consequent cast 
removal/reapplication occurred on days 10 and 18 for animal 1301, the cast was also 
removed and reapplied on day 12 in response to observed discomfort (knuckling at 
the fetlock). No significant changes in load were observed for other instances of 
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sensor readings or cast removals; as detailed in the method, casts were removed 
completely for animals 1295, 1301, 1267, 1301 and 1296 on days 79 (week 12), 77 
(week 11), 88 (week 13), 67 (week10) and 64 (week 10) respectively.   
Unlike load magnitude, no upward or downward trends in average load cycles 
per hour were observed for animals 1267 and 1269, with mean average load cycles 
per hour (± standard deviations) of 98 (± 29) and 106 (± 24) respectively (Figure 5-6). 
Higher average load cycles per hour were observed for Animals 1295 and 1301 during 
the first 10 and 18 days, after then the load cycles significantly decrease from a mean 
of 291 (± 51) to 96 (± 24) for animal 1295 and from 418 (± 56) to 131 (± 31) for animal 
1301; considering data pre and post these significant time points separately, no 
upward or downward trends were observed. Overall, excluding days 1-10 and 1-18 
for animals 1295 and 1301, the mean average load cycles per hour across all four 
animals was 102 (± 29) with a minimum of 43 and a maximum of 193; including all 
time points, the mean average load cycles per hour was 133 (93), with a minimum of 
43 and maximum of 527 average. 
Overall, no significant changes over time in terms of animal activity were 
observed for the five monitored animals (Figure 5-8 and Figure 5-9). The mean (± 
standard deviation) of the median time spent active was 1.44 (± 0.45) minutes per 
hour of mild activity and 4.31 (± 4) seconds per hour of intense activity.  The median 
values of the activity data for each animal per time point were compared as opposed 
to the means, as data tended to be positively skewed. Examining week 9 as a 
representative time point, time spent active varied on an hour to hour basis (Figure 
5-10). Comparing the individual animals at nine different time points, no significant 
differences were observed in mild (Figure 5-11, Figure 5-12, Figure 5-13) or intense 
(Figure 5-14, Figure 5-15, Figure 5-16) activity levels. 
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Figure 5-5 X-rays of right tibias of animals 1295, 1301, 1267, 1303 and 1296 at 12 week, 24 week, 
36 week and 48 week time points. 
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Figure 5-6 Fracture monitor loading data is presented for animals 1295, 1301, 1267 and 1296. Axial 
load is a measure of the axial loading through the plate. No data is presented for animal 1302 as 
the fracture monitor failed to initiate.  
 
Figure 5-7 Average load cycles per hour measured by the fracture monitor is presented for animals 
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Figure 5-8 Median time (minutes/hour) spent on mild activities during the specified time points post-
surgery. The number of animals monitored during this time point is represented by “n”.  
 
Figure 5-9 Median time (minutes/hour) spent on intense activities during the specified time points 
post-surgery. The number of animals monitored during this time point is represented by “n”. 
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Figure 5-10 Time (minutes) spent on mild activity per hour for all five animals during week 9, 


























Time Post Activtiy Monitor Activation (Hours)
Mild Activity, Week 9*
Animal 1295 , 11/09/2014 , Mild Activity , Week 9 , 66 hrs
Animal 1301 , 11/09/2014 , Mild Activity , Week 9 , 72 hrs
Animal 1267 , 3/10/2014 , Mild Activity , Week 9 , 78 hrs
Animal 1296 , 23/10/2014 , Mild Activity , Week 8 , 68 hrs
Animal 1303 , 23/10/2014 , Mild Activity , Week 9 , 81 hrs
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Figure 5-11 Mild Activity data for the first three months post-surgery are presented. The legend 
stipulates the time point for each animal in terms of weeks post-surgery, and data is grouped into 
3 week (*approximately), 6 week and 9 week (*approximately) time points for comparison. The 
data collected at weeks 3 and week 6 for animal 1301 were deleted in a system error. 
 
Figure 5-12 Mild Activity data during 3 – 5 months post-surgery are presented. The legend 
stipulates the time point for each animal in terms of weeks post-surgery, and data is grouped into 
12 week (*approximately), 15 week (*approximately) and 19 week (*approximately) time points 
for comparison. Monitors were not worn in week 15 and 19 for animals 1267 and 1295 due to skin 
irritation, and data for animal 1303 at week 15 is excluded as the harness was worn incorrectly. 
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Figure 5-13 Mild Activity data during 5 – 9+ months post-surgery are presented. The legend 
stipulates the time point for each animal in terms of weeks post-surgery, and data is grouped into 
22 week (*approximately), 26 week and 36+ week (*approximately) time points for comparison. 
No data was collected at week 22 and 26 for animals 1296 and 1303, and no data was collected at 
week 26 for animal 1267. 
 
Figure 5-14 Intense Activity data for the first three months post-surgery are presented. The legend 
stipulates the time point for each animal in terms of weeks post-surgery, and data is grouped into 
3 week (*approximately), 6 week and 9 week (*approximately) time points for comparison. The 
data collected at weeks 3 and week 6 for animal 1301 were deleted in a system error. 
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 Figure 5-15 Intense Activity data during 3 – 5 months post-surgery are presented. The legend 
stipulates the time point for each animal in terms of weeks post-surgery, and data is grouped into 
12 week (*approximately), 15 week (*approximately) and 19 week (*approximately) time points 
for comparison. Monitors were not worn in week 15 and 19 for animals 1267 and 1295 due to skin 
irritation, and data for animal 1303 at week 15 is excluded as the harness was worn incorrectly. 
 
Figure 5-16 Intense Activity data during 5+ months post-surgery are presented. The legend 
stipulates the time point for each animal in terms of weeks post-surgery, and data is grouped into 
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22 week (*approximately), 26 week and 36+ week time points for comparison. No data was 
collected at week 22 for animals 1296 and 1303, or week 26 for animals 1267, 1303 and 1296. 
5.3.6 Discussion 
Fracture Monitors 
The fracture monitors were able to continuously record 1-3 months of data in 
four of the five animals. The surgical application of the devices was simple and 
required little added surgical time (< 10 minutes); however a lack of adequate 
feedback during initiation resulted in an unsuccessful initiation one of the devices on 
day 1. The benefit of implantation over wearing the device externally was that it 
allows continuous monitoring without discomfort, and minimizes interference with 
the animal (from taking the device on and off) over the course of healing. However, 
because the devices were implanted, they could not be repaired or replaced when 
failures occurred. The biggest issue in terms of usability was that it was difficult to 
obtain and maintain a connection for data transfer. Consequently, improvements to 
the approach for data transfer are recommended; for instance, Bluetooth might be 
considered as a faster, more suitable alternative to RFID. Furthermore, the reason for 
the early implant failure requires further investigation with input from the 
manufacturer, and incorporation of a method for monitoring the health of the device 
itself is recommended.  
As the fracture monitor data was pre 42 weeks post-surgery, the effectiveness 
of the fracture monitors to capture significant bone formation (occurring post 48 
weeks) could not be assessed from this study. However, results from this early time 
period provides insight into the internal loading conditions in the pre-bridged defect. 
As during the early stages of healing, the load is supported almost 100% by the DCP 
at the fracture gap, the DCP response at this time is indicative of the total load applied 
to the bone. The average daily axial load as measured by the fracture monitors was 
200 N (± 57 N), which is close to half the 500 N loading expected during walking in 
healthy sheep (based on theoretical musculoskeletal models of similarly weighted 
sheep108).  
The current study demonstrated that the fracture monitor approach to 
monitoring healing was feasible; however, a larger data set which includes the time 
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frame when significant healing occurs is needed. Furthermore, for the first time, load 
through a plated sheep tibia due to functional loading has been measured in vivo, 
providing valuable insight into the internal mechanical conditions. Other than 
continued method development and in vivo investigation with a larger sample size, 
further mechanical testing is also recommended; to investigate the relationship 
between tissue stiffness and plate strain in the 60 mm defect model, and to 
determine the interfragmentary conditions created by the measured internal loads. 
Furthermore, the effects of screw loosening on both IFM and strain results should be 
explored; as this could affect the accuracy of the AO fracture monitor System.   
Activity Monitors 
Examining the activity monitor results, the monitored animals were 
predominately inactive, spending less than 2 minutes an hour on activity, and no 
significant changes over the monitored 9 months were observed. It was expected 
that time spent active would increase when the animals were moved from a confined 
indoor facility to a larger outdoor yard, yet no increase in activity was observed. From 
both mild and intense activity outputs per animal, any particularly active or inactive 
time points are highly individual, and no significant patterns were observed over the 
capture time periods. Throughout day and night, activity levels varied on an hour to 
hour basis, which is a reasonable given sheep are polyphasic sleepers142; meaning 
they sleep for several periods throughout a 24 hour day, rather than one long, single 
sleep session at night. A study on the energy expenditure of confined sheep (n=12) 
found the average duration of a complete rest and wake cycle was approximately 60 
minutes, and that sheep tended to stand up directly after sleep.143 This supports the 
observed patterns of activity, whereby animals rarely spent more than 1-2 hours at a 
time completely inactive (i.e. more than 2 consecutive instances of 0 minutes/hr 
spent active were rarely observed). 
A limitation of the activity monitoring methodology is the limited data set and 
sample size (1 sheep) used to develop the classification system To improve the 
classification method, a minimum of three 6-hour video recorded monitoring 
sessions of at least 3 healthy sheep, 3 operated (i.e. with plated tibial defects) sheep 
with casts, and three operated sheep without casts are recommended. This data 
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collection method would allow the gait patterns of animals with intact versus 
fractured limbs to be compared, and increase the likelihood of capturing a greater 
range of daily activities which create potentially high/unique loads (e.g. transferring 
from lying down to standing). Another suggestion for improvement is to revaluate 
the method of accelerometer attachment. The harness was found to have an effect 
on animal comfort after 3-4 days of wear, and in a few instances became loose, 
reducing the number of useful data sets. A recommended alternative is to replace 
the body harness with a collar; however, the monitoring device would need to be 
lighter which may require reducing the number of batteries. To reduce power 
requirements, the gyroscope and magnetometer sensors could be switched off in 
future, as this data was not required in the developed classification system.  
The significance of the activity monitoring results captured in this study is that 
it provides previously untested in vivo evidence of the relatively dormant and 
unchanging activity behaviours of sheep in preclinical animal studies. This supports 
the assumption that variations in functional loading can be averaged out, which is key 
to the functioning of the AO fracture monitors.  
5.3.7 Summary of Conclusions 
Fracture Monitors 
 From the data captured during the early phases of healing, the fracture 
monitors provided new insights into the internal loading conditions for 
plated, un-bridged, 60 mm bone defects.  
 The mean (± standard deviation) of the average daily loads as measured 
by the fracture monitors for all four sheep was 200 N (± 57 N). The mean 
(± standard deviation) of the average load cycles per hour across all four 
animals was 102 (± 29).  
 As no bony bridging occurred during the time captured by the fracture 
monitors (<42 weeks post-surgery), the effectiveness of fracture 
monitors to monitor healing in terms of the changed mechanical 
properties at the defect site could not be confirmed. Fracture monitor 
improvements with respect to longevity were recommended to enable 
In Vivo Monitoring in a Preclinical Bone Healing Model 117 
the devices to more adequately capture healing progression in long-
term (6 -12 month) ovine studies.  
 To further characterise the mechanical conditions of the investigated 
defect model, mechanical testing using the loads measured by the AO 
fracture monitor are recommended. Specific aspects requiring 
investigation include: a) the IFM created by these loads, b) the 
relationship between plate strain gauge measurements and tissue 
stiffness in the 60 mm defect model, and c) the effects of screw 
loosening.    
Activity Monitors 
 The activity monitors provided in vivo evidence of relatively dormant 
and unchanging activity behaviours of sheep in the recent preclinical 
animal study. 
 The mean (± standard deviation) of the median time spent active was 
1.44 (± 0.45) minutes per hour of mild activity and 4.31 (± 4) seconds per 
hour of intense activity; and no significant changes in animal activity 
over time was observed, nor were any significant differences observed 
between individual animals.  
 Recommendations include: 1) changing the way the accelerometer is 
worn from a body harness to a collar, to improve comfort and reduce 
false results due to harness slippage, and 2) continued development of 
the activity classification algorithms, including a larger validation study, 
and advancing from mild/intense activity categorization to capturing 
variation in gait.    
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5.4 Characterising the IFM and Bone Plate Response of the Defect Model Under 
Physiological like Loading  
5.4.1 Aims  
1. To determine the IFM of plate cadaveric ovine tibiae with 60 mm defects 
under axial loading, for four different defect conditions.  
2. To investigate the effect of increased defect material stiffness on DCP 
surface strain under physiological like loading.  
3. To investigate the effect of screw loosening on both IFM and plate strain.  
4. To examine whether an m-PCL scaffold significantly contributes to the 
mechanical conditions of the 60 mm defect bone construct, when 
compared with an empty defect. 
5.4.2 Background 
The literature surrounding the treatment of large segmental defects is largely 
focused on finding suitable materials/constructs to bridge the defect, whilst 
minimizing donor sight complications associated with graft harvesting1,5,7,146. This 
includes searching for less harmful ways of extracting bone grafts (such as the RIA 
study, Section 5.3.2), and the development of tissue engineered constructs and/or 
artificial bone substitutes. In these studies, the mechanical conditions are treated 
similarly to the choice of animal, bone and defect size, in that the goal is to keep these 
conditions consistent by using the same preclinical defect model. However, the 
mechanical conditions created in a 60 mm defect model (in terms of IFM) are yet to 
be examined. Therefore, the first aim of this experiment is to determine the IFM in a 
60 mm defect model through mechanical testing of cadaveric sheep tibiae. 
The second aim is to examine the underlying assumption of instrumented 
fixation, that plate deformation due to functional loading has an inverse relationship 
with the stiffness of the material within the defect. This was briefly explored in 
Chapter 3, with the four-point-bend test of a single, simplified model; however, more 
robust testing of multiple tibia samples under more relevant loading conditions is 
required. The final two aims relate to the design of the defect model: investigating 
the effects of the potential, uncontrollable variable of screw loosening, and the 
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influence of the mPCL-TCP scaffold (relative to an empty defect) on the mechanical 
conditions.   
5.4.3 Experiment Design 
The Construct and Loading Conditions 
The experiment used cadaveric, male, sheep tibia samples, with 60 mm mid-
shaft, transverse defects, plated with the same, 12 hole, 190 cm long dynamic 
compression plate (DCP) from the animal study (Figure 5-17). The sample was loaded 
in a spherical bearing rig, allowing full rotational freedom. This was chosen (over fixed 
ends) as it most closely represents the end conditions of the tibia in vivo at the knee 
and ankle joints. A strain gauge rosette was applied to the plate to measure strain, 
and optical markers were attached to the upper and lower bone fragments to 
measure IFM. From the animal study described in Chapter 5.3, the mean (± standard 
deviation) of average daily tibia loads measured by the fracture monitors was 200 N 
(± 57 N), with peak loads ranging between 892-1373 N. From these results, 300 N, 
700 N and 1200 N were considered reasonable representations of the average, and 
higher than average loading which may occur in vivo.   
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Figure 5-17 Diagram of the axially loaded tibia construct, fixed within a spherical bearing rig. 
Fracture Gap Conditions 
To simulate the change in tissue stiffness within the bone defect, a series of 
materials were investigated for insertion into the 60 mm defect (Figure 5-18, left).  To 
simulate the early stages, an empty and scaffold only condition was chosen. The 
scaffold sample was a 60 mm mPCL-TCP scaffold, as used in the animal study 
(Osteopore International, Singapore). To simulate the final stages of healing, a piece 
of bone analogue material was used (Sawbones, Pacific Research Laboratories, 
Vashon, USA). To simulate an intermediate time point, three different materials were 
considered: oak, heavy duty PVC pipe and medium duty PVC pipe. All five materials 
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were mechanically tested under 20 cycles (100 N/s) of 10-300N compression (Figure 
5-18, right). Load was limited to 300 N, because the scaffold could not withstand 
greater load without permanent deformation. Stiffness values were found for each 
material, from the gradient of the linear line of best fit, over the most linear portion 
of the curve (100-300 N), averaged over the last five load cycles (Figure 5-19). From 
the results, the medium duty pipe was chosen as the most appropriate material to 
model an intermediate stiffness condition. 
  
Figure 5-18 Materials considered for inserting in the bone defect and compression tested for 
stiffness, from left to right: medium duty PVC pipe, heavy duty PVC pipe, oak, Sawbones bone 
analogue, mPCL-TCP scaffold. 
 
Figure 5-19 Stiffness results from the linear portion (100-300 N) of the 10-100 N cyclic load test, 
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Screw Hole Diameter and Applied Torque 
In an initial pilot test on a sheep tibia, screw holes were drilled using a 3.2 mm 
diameter bit (as recommended by Synthes) and the 4.5 mm diameter, self tapping, 
cortical bone screws were inserted and tightened to 4 Nm (measured using a  torque 
wrench). During the initial insertion by hand, some of the screw holes began to 
splinter and crack (Figure 5-20, A). When tightening the screws with the torque 
wrench, some of the screws did not reach 4 Nm torque before the screw hole was 
damaged and the screw became loose. This sample broke within the first few cycles 
of 1200 N load, likely as a result of the damaged screw holes and loose screws (Figure 
5-20, B-D). To address this issue, screw holes of increasing diameter (3.2 mm, 3.4 mm, 
3.6 mm, 3.8 mm and 4 mm) were tested and screws were inserted and tightened by 
hand (Figure 5-20, E). Of these diameters, the 3.8 mm supported the best screw 
anchorage; those below 3.8 mm resulted in small cracks and those above were too 
loose.   
 
Figure 5-20 The cracked results of early test samples (A-D), leading to the reassessment of drill size 
and screw torque (E).  
Screw torque was not controlled/measured in the recent animal study, and 
rather tightened by feel; as is the standard procedure. For standardization in the 
mechanical test however, torque needed to be measured. As mentioned, a torque of 
4 Nm was initially trialled, as recommended by the manufacturer, but this appeared 
to be too high. Therefore, different torque values were trialled (using the 3.8 mm 
screw holes), increasing by 1 Nm increments starting at 1 Nm. The highest torque 
that could be achieved before damaging the screw hole was 3 Nm, and was used for 
future tests. 
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5.4.4 Test Method 
Strain Gauge Preparation 
Five rectangular (45 degree) strain gauge rosettes were applied to the 12-hole 
Dynamic Compression Plate around the centre two screw holes (Figure 5-21). For this 
experiment, only the centre rosette was used; the others were applied for a separate 
experiment. The gauges in the rosette were aligned with the long axis of the plate 
(red wire), the short axis of the plate (white wire), and 45 degrees between (green 
wire). The same plate plus strain gauge rosette was used for all samples in the 
mechanical test.  
 
Figure 5-21 Strain gauge rosette configuration on the DCP – for the following study, only the centre 
sensor was used.   
Sample Preparation 
Six sheep tibiae were stripped of soft tissue, wrapped in paper towel soaked in 
Phosphate buffered saline (PBS) solution, sealed in an airtight plastic bag and stored 
in the freezer. Each sample was moved from the freezer to the fridge the night before 
use. An hour before use, the defrosted bones (4 C) were moved from the fridge and 
put into a room temperature (22 C) water bath in an air tight bag, to bring the sample 
to room temperature. The sample was then measured for length and width (Figure 
5-22, A), and then moved to a vice in preparation for plate application. The bones 
ranged from 21-23 cm in length, and consequently had to be distracted (separated) 
to fit the 19 cm plate and have 2cm remaining at each ends for potting. The plate was 
applied following the same drilling and screw application method as the surgical 
procedure of the recent animal study, with the exception of the distraction and use 
of a 10-hole DCP for an initial drill guide.  
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To create a 30 mm gap (which would later be distracted to 60 mm), a ten hole 
DCP with the same width and screw hole configuration as the 12-hole plate was used 
to guide the drill holes. Firstly, the ten hole plate was aligned on the medial surface 
of the tibia, 20 mm proximal (above) the medial malleolus (ankle) to ensure exact and 
standardised plate placement and defect position (as was done in the animal study) 
(Figure 5-22, B); the conical shaped ends of the screw holes where toward the 
proximal end and the cylindrical shaped ends where toward the distal end. Then eight 
drill holes were marked in the centres of the four outermost screw holes. To 
temporarily hold the plate in place, the inner most of the eight marked holes were 
drilled with a 3.8 mm drill bit, and 4.5 mm diameter self tapping stainless steel cortical 
bone screws were inserted to a moderate (less than 3Nm) tightness based on feel 
(learnt from practising with a screw driver and a torque wrench on pilot samples). 
The remaining six holes where then drilled with the plate in place as a guide (Figure 
5-22, C).  
The bone was marked at two points along the mid-section, aligning with the 
outer edges of the inner two screw holes (Figure 5-22, D). The 10-hole plate was 
removed, and then the marked segment was removed using a band saw (Figure 5-22, 
E). The 12-hole plate was then applied to the proximal, then distal segment, while 
secured in a vice (Figure 5-22, F). Screws were tightened from proximal to distal end 
by hand. As the outer most screws could not be accessed once the bone had been 
potted, these screws where then tightened further to the required 3 Nm using the 
torque wrench. The remaining screws remained at their current tightness, to be 
tightened to 3 Nm just before testing. 
Palapress dental acrylic (Heraeus Kulzer International) was prepared for potting 
the bone ends, by combining 70 g of cement powder and 49 mL cement liquid (Figure 
5-22, G). The proximal end (knee end) of the plated bone was then potted into a 
stainless cup (for securing to the testing machine) with the prepared cement and left 
for 20 minutes to set (Figure 5-22, H). The potted end was then secured to the cross-
head of the testing machine (the upper join), and lowered so that the proximal end 
made contact with the bottom surface of the other stainless cup, secured to the 
bottom join of the machine (Figure 5-22, I). After preparing another batch of cement, 
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the distal end was then cemented in the bottom cup and left to set for 20 minutes 
(Figure 5-22, J). Both ends were secured to the machine through spherical bearing 
rigs, which meant the bone ends were restricted from lateral (side-to-side) 
translations but allowed full rotational freedom; the required end conditions for 
testing.  
Once the cement in the bottom cup had set, the fracture gap was measured 
and altered as necessary (using a file and/or band saw) to be exactly 60 mm (Figure 
5-22, K). Then the markers required for the Optotrack optical tracking system where 
secured: two, 3.2 mm diameter holes were drilled in the upper and lower bone 
segments as shown (Figure 5-22, L), and the rigid bodies were applied to the upper 
and lower bone fragments using custom 3D printed plastic attachments secured with 
wood screws, and the upper and lower cups using plasticine (Figure 5-22, M). The 
optotrack markers consisted of 4 rigid bodies (blue circles), with three markers (light 
sensitive sensors) on each rigid body. Once the sample was completely set-up, the 
bone screws where tightened to 3 Nm using the torque wrench (Figure 5-22, N); with 
the exception of the outer most screws which could not be reached, and had been 
tightened earlier.  
The final four steps involved preparing the materials test machine and 
measurement devices. The load reading of the test machine was zeroed, after 
removing the attachment pin of the upper rig and raising the cross-head – in other 
words, with the cross-head no longer in contact with the sample (Figure 5-22, O). 
Then the rig was re-attached, and the cross-head was lowered to apply 100 N 
compression, at which point the extension measurement was zeroed. The strain 
gauges of the strain gauge rosette were connected to the DAQ in the configuration 
shown (Figure 5-22, P).  And finally, significant points were recorded by optical 
tracking system; points around the lower cup were recorded using a digitizing probe 
to create a global coordinate system (Figure 5-22, Q), and four points in the fracture 
gap where similarly probed to create a reference point for the fracture gap (Figure 
5-22, R). A short sample of optical data was then taken to be used as a baseline. 
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Figure 5-22 Steps for sample preparation, see text for explanation. 
Mechanical Testing Procedure 
Samples were mechanically tested repeatedly for four different defect 
conditions including an empty defect, then with a scaffold inserted in the defect, 
followed by a PVC pipe then bone analogue sample inserted in the defect. The 
scaffold inserted defect condition was then repeated, and then tested a third time 
after loosening then re-tightening the bone screws to 1 Nm. Tests were performed in 
the following order: 
1. Empty defect, (Figure 5-23, A). 
2. Scaffold sample inserted in the defect, (Figure 5-23, B). 
3. Medium duty PVC pipe sample inserted in the defect, (Figure 5-23, C). 
4. Sawbones sample inserted in the defect, (Figure 5-23, D). 
5. Scaffold sample inserted in the defect, for the second time (to check for 
consistency). 
6. Scaffold sample inserted in the defect, and the screws loosened, then 
tightened to 1 Nm. 
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Figure 5-23 The empty (A), scaffold (B), PVC pipe (C) and bone analogue (D) conditions. 
From the first four samples, there was minimal difference between the scaffold 
(condition 5) and scaffold-loosened condition (condition 6). On the chance that this 
was due to possible screw loosening during tests 1-4, another test was added at the 
end where the screws were re-tightened (after the 1 Nm test) to 4 Nm; adding a 
seventh test to the remaining four samples.  
For each test condition, the sample was loaded for 20 cycles followed by 10 
second of static compression for three compressive thresholds: 300, 700 and 1200 N. 
The lower peaks of the cycles were 100 N, and likewise, each instance of static loading 
of the specified threshold was followed by 10 seconds of reduced static loading at 
100 N. The test was load controlled, and loading was applied at a rate of 100 N/s. For 
each test, load and extension data was recorded by the materials test machine at 100 
Hz. DCP surface strain was recorded at 1000 Hz (and filtered and tared) using LabView 
(National Instruments Corporation, United States). Rigid body motion was captured 
using the Optotrak motion capture system at 100 Hz (Northern Digital Inc, Ontario, 
Canada). 
Data Processing 
To calculate the interfragmentary movement, the motion data captured by the 
Optotrak motion caption system (Northern Digital Inc, Ontario, Canada) was 
translated into translational and rotational displacement with respect to the defined 
global coordinate system using First Principles Software (Northern Digital Inc, 
Ontario, Canada). By applying vector mathematics using MATLAB programming 
software (version R2011a, Mathworks Inc., United States), the motion of the 
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previously identified mid-point of the fracture gap was calculated with respect to the 
upper and lower rigid body markers attached to the bone fragments (Figure 5-24). 
The IFM per loading condition, was calculated as the average IFM in the z-direction 
during the held load thresholds (1200 N, 700 N, 300 N), minus the average IFM in the 
z-direction during the held load of 100 N; IFM in the x and y-directions were minimal 
(compared to the z-direction), and therefore are not presented.   
 
Figure 5-24 Optical markers are used to measure the relative motion within the bone defect. 
By applying the strain gauge specifications – namely the gauge factor (GF = 
2.15) and gauge resistance (120 ohms) – the measured change in resistance from the 
gauge filaments was measured using the an in-built quarter Wheatstone bridge and 
translated to a strain output using LabView Software; bridge configuration and strain 
equations as described in Section 3.4.3. The collected strain data was then filtered 
using a low-pass Butterworth filter, and tared using the first 2 seconds of collected 
data (before testing began) as the zero point. The tared and filtered gauge data, was 
then used to calculate the maximum principal strain using the principal strain 
equation for 45 degree strain rosettes. The strain per loading condition, was 
calculated as the average maximum-principal strain during the held load thresholds 
(1200 N, 700 N and 300 N), minus the average maximum-principal strain during the 
held 100 N. 
One-way repeated measures analysis of variance (rANOVA) tests (with 
Bonferroni post hoc tests) were performed to determine whether there were any 
statistically significant differences between the population means of each of the test 
conditions, for both IFM and stiffness. This particular statistical test was chosen as it 
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compares three or more repeated measures of the same samples. Sample 3 results 
were excluded, as an error during the potting stage put the bone sample out of line 
with direction of load. Sample 7 was also excluded due to missing data, and Sample 
4 was excluded from the IFM results due to a loose motion tracking marker. 
Therefore, n = 5 and n = 6 for the IFM and strain means comparisons respectively.  
From statistical analysis of the IFM results, Epsilon (ε) was 0.368 as calculated 
following the procedure of Greenhouse and Geisser, and was used to correct the 
violated sphericity assumption (of the repeated measures ANOVA). The Shapiro-Wilk 
test of normality demonstrated that the assumption of normality was met (p > 0.05) 
for all conditions except the repeat scaffold test. Examining the strain gauge results, 
Epsilon (ε) was 0.268, 0.280 and 0.329 (for 1200 N, 700 N, and 300 N load results) as 
calculated following the procedure of Greenhouse and Geisser, and was used to 
correct the violated sphericity assumption of each repeated measures ANOVA.; the 
Shapiro-Wilk test of normality demonstrated that the assumption of normality was 
met for all conditions (p > 0.05). 
5.4.5 Results 
Comparing the defect material stiffness results (Figure 5-25Error! Reference 
source not found., left) with the strain gauge outputs of the loaded constructs (Figure 
5-25, right), the hypothesised inverse relationship is clearly demonstrated. The IFM 
(in the direction of applied compression) of the successfully measured tibia samples 
(n=5), across the six test conditions, are reported separately for each of the three 
different loads (1200 N, 700 N, and 300 N). IFM under 1200 N compression was found 
to be statistically significantly different between conditions (p < 0.001) (Figure 5-26). 
Statistical analyses of IFM during compression of 700 N (Figure 5-27) and 300 N 
(Figure 5-28), found differences between conditions were not statistically significant: 
p = 0.110 and p = 0.327, respectively. The maximum principle strains in the DCP (as 
measured by a single strain gauge rosette), from the successfully measured samples 
(n=6) across the six test conditions, are reported separately for each of the three 
different loads (1200 N, 700 N, and 300 N). Strain due to all three loading conditions 
was found to be statistically significantly different between conditions (p < 0.05), and 
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results from the pair-wise comparisons of the Bonferroni post hoc tests are presented 
in the graphs (Figure 5-29, Figure 5-30, Figure 5-31).  
 
Figure 5-25 Stiffness of the three defect materials, the scaffold (black), pipe (red) and bone 
analogue (blue), under 300 N (left). Strain output of the loaded (300 N, 700 N, 1200 N) constructs 
with the scaffold (black), pipe (red) or bone analogue (blue) inserted within the defect.  
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Figure 5-27 IFM results at 700 N, (n = 5); comparisons were not statistically significant. 
 
Figure 5-28 IFM results at 700 N, (n = 5); comparisons were not statistically significant. 
132 In Vivo Monitoring in a Preclinical Bone Healing Model 
 
Figure 5-29 Processed strain gauge measurements of tibia constructs (n=6) under 1200 N load. 
 
Figure 5-30 Processed strain gauge measurements of tibia constructs (n=6) under 700 N load. 
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Figure 5-31 Processed strain gauge measurements of tibia constructs (n=6) under 300 N load. 
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5.4.6 Discussion 
The primary aims of this investigation were to investigate the interfragmentary 
movement (IFM) created in the defect model of the previous animal study, and to 
examine whether or not the key assumption of the fracture monitoring method was 
valid; namely, that there is an inverse relationship between plate deformation and 
the stiffness of the defect material. Furthermore, the effect of screw loosening (a 
potential random, uncontrolled variable) on these parameters was investigated by 
reducing screw tightness (originally 3 Nm) to 1 Nm. The influence of the mPCL-TCP 
scaffold (compared with an empty defect) on the mechanical conditions was also 
explored. Results per test condition are presented as mean ± standard deviation 
unless stated otherwise.  
Interfragmentary Movement 
From loading sheep tibia constructs under 1200 N compression, the resulting 
interfragmentary movement (IFM) in the direction of the applied compression was < 
1 mm across all conditions, which for a 60 mm defect equates to < 2 % strain. The 
IFM under 700 N and 300 N were less than half this value, at < 0.5 mm (1 % strain) 
and < 0.1 mm (0.2 % strain) respectively; these results are comparable with Reichert’s 
30 mm defect study8, which reported 0.27 mm of IFM (< 1 % strain in a 30 mm defect) 
in a 500 N compression test (using similarly constructed tibia samples including an 
mPCL-TCP scaffold). From statistical analyses, IFM was significantly different between 
conditions under 1200 N compression (p < 0.001), but not significantly different 
under 700 N or 300 N loads (p > 0.1). Under 1200 N, there was a statistically significant 
decrease in IFM of 0.21 mm (95 % CI, 0.12 to 0.29), p < 0.01, between the scaffold 
condition (0.72 ± 0.08 mm) and the PVC pipe condition (0.51 ± 0.04 mm), and of 0.23 
mm (95 % CI, 0.11 to 0.36), p < 0.01, between the PVC pipe condition and the bone 
analogue condition (0.28 ± 0.09 mm). These results support the assumption that IFM 
will decrease as the material stiffness within the defect increases. 
Overall, IFM results indicate that interfragmentary movement produced due to 
functional loading in the particular defect model is likely to be within the range of 
0.01-1 mm (0.2-2 % strain). The results of the recent animal study (Section 5.3.5) 
suggest that bone formation is possible under 0.01-1 mm of IFM in a 60 mm defect, 
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however, any inhibitory or stimulatory effects cannot be determined. Small defect 
studies have shown that either too much or too little IFM can inhibit or delay 
healing11,30, and < 2 % strain is considered ideal145, but the influence of IFM on large 
defects remains highly under-investigated.  
Sensor Output vs. Defect Material Stiffness 
Measurements from a strain gauge rosette placed on the outer surface of the 
DCP (mid-way over the defect site), were made for each condition throughout each 
of the three applied loads (300 N, 700 N and 1200 N). The purpose of these 
measurements was to confirm that DCP deformation has an inversely proportional 
relationship with the stiffness of the material within the defect, as this is the 
underlying principle of the fracture monitor. Comparing the defect material stiffness 
results with the strain gauge outputs of the loaded constructs, the hypothesised 
inverse relationship is clearly demonstrated. For each loading condition, differences 
in strain gauge output were statistically significantly different between all construct 
conditions (p < 0.05), with the exception of the PVC pipe and scaffold condition under 
300 N (p = 0.100). What these results indicate is that although the inverse relationship 
between defect material stiffness and DCP sensor output is clear, the sensitivity is 
quite low under smaller loads.  
Relating these findings to the animal study, the PVC pipe and bone analogue 
samples used to model intermediate and healed conditions may be less stiff than the 
true in vivo scenario, as (unlike the tested constructs) healing tissue in vivo will be 
attached to the bone ends and may therefore provide greater bending resistance. 
The results also show how important the assumption of averaging out functional 
loading is. Should the animal spend a greater than usual amount of time producing 
higher loads, it could look like tissue stiffness had decreased, and vice versa. 
Furthermore, the mechanical test was performed with a strain gauge directly on the 
surface of the DCP, whereas the fracture monitor is a separate system attached with 
screws. So there is a chance that the fracture monitor might loosen, which could 
produce misleading results; the same applies for potential screw loosening between 
the DCP and the bone, which this experiment explored.  
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The Effect of Screw Loosening 
In an attempt to classify the effect of screw loosening on IFM and strain gauge 
output, a loosened screw condition was also tested. For this condition, the scaffold 
was inserted in the construct, and the screws in the plate were loosened, and then 
re-tightened to 1 Nm (from the original 3 Nm). Comparing these results with the 
repeat scaffold condition, differences in average IFM or strain output were 
predominately not statistically significant (p > 0.1); only a comparison between strain 
results under 700 N provided weak evidence to support that screw loosening had an 
effect, reducing strain by 46 ε (95% CI, -6 to 97), p = 0.070. However, conclusions 
regarding the effect of screw loosening cannot be made from this analysis, given the 
significant inconsistencies in the results; three of the samples (numbers 2, 4 and 8) 
produced different results upon screw loosening, whereas the other three samples 
did not (sample numbers 1, 6 and 7) (Figure 5-32). Reasons for these disparities are 
unclear and require further investigation with a larger sample size, the effect of more 
significant loosening (greater than -2Nm) and/or damage to the screw-bone interface 
should also be further explored.    
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mPCL-TCP Scaffold vs. Empty Defect 
There were no statistically significant differences in IFM (under all loads) or 
sensor strain under 300 N between the empty gap and scaffold condition (p > 0.1). 
Under 700 N and 1200 N however, the scaffold resulted in a reduced strain output of 
11 ε, (95 % CI, -2 to 24), p = 0.073 (weak evidence), and 26 ε (95 % CI, 10 to 42), p 
< 0.01 (strong evidence), respectively. Practically however, 11-26 ε is only a very 
minute contribution to the mechanical conditions. Overall these results indicate that 
the scaffold does not significantly contribute to the overall stiffness of the system (a 
similar conclusion was made from the four-point-bend test in Chapter 3). 
Furthermore, it indicates that fracture monitor calibration testing performed without 
the inserted scaffold may still be valid. 
Limitations 
A key limitation of this study is the simplified loading conditions. Although the 
diaphysis of the sheep tibiae may be predominately axially loaded106, the performed 
compression test does not examine the effects of shear, torsion and bending forces 
which may occur in vivo. Further limitations include the sensitivity of the optical 
tracking system and the performance of the spherical bearing rig. IFM results under 
loads of 700 N (0.1-0.4 mm) and 300 N (0-0.2 mm) showed no statistically significant 
differences between any conditions, but considering the Optotrack motion capture 
system has a resolution of 0.01 mm and an accuracy of ± 0.1 mm, the true changes in 
IFM at these loads were likely too small to be reliably measured. However, from a 
mechanobiology standpoint, anything below 0.5 mm is likely to be insignificant 
considering the relatively enormity of the 60 mm defect.  
Examining the load-displacement plots from the Instron materials test 
machine, significant hysteresis (energy loss shown by the area enclosed by the 
loading and unloading curve) and a decrease in stiffness (slope of the curve) were 
observed during the 700 and 1200 N load conditions (Figure 5-33). Hysteresis was not 
unexpected due to the viscoelasticity of bone (as discussed) however the size of the 
hysteresis loop was larger than anticipated. The decrease in stiffness was also 
unexpected, as viscoelasticity tends to have the opposite effect (increasing stiffness 
with load). The significant hysteresis is likely the result of energy inefficiency of the 
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spherical bearing end conditions; noticeable frictional resistance could be felt when 
trying to rotate the shaft by hand. A more energy efficient system should be 
considered for future testing. The sudden change in stiffness may also have to do 
with the limitations of the rig, however it is more likely that this is a normal result of 
the observed buckling (Figure 5-34). As discussed in Chapter 3, buckling or bending is 
the result of the eccentric loading conditions of the DCP, and are a further reason 
why it would be difficult to determine a definitive relationship between the fracture 
monitor output and tissue stiffness.  
The final limitation of this experiment is the potential confounding effect of 
repeat testing. To test for this, the scaffold condition was repeated after the previous 
four conditions (gap, scaffold, PVC pipe and bone analogue), and compared against 
the initial scaffold conditions to confirm whether the system had been damaged or 
altered during the previous conditions. For the 700 N and 300 N results, there were 
no statistically significant differences between the repeat scaffold condition and the 
original scaffold condition. Under 1200 N however, there was a statistically significant 
decrease in strain output of 33 ε (p < 0.05). Overall these results indicate that each 
condition may have slightly (but not significantly) altered the mechanical conditions. 
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Figure 5-33 Load-extension plot of tibia sample 1, under 100-1200 N load cycles (black), 100-700 N 
load cycles (red) and 100-300 N load cycles (blue).  
 
Figure 5-34 A 1200 N load-unload-load of a sample for the empty defect condition, shows a 
bending response. 
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5.4.7 Summary of Conclusions 
 IFM results indicate that interfragmentary movement produced due to 
functional loading in the particular defect model is likely to be within the 
range of 0.01-1 mm (0.2-2 % strain). 
 The hypothesised inverse relationship between defect material stiffness and 
strain gauge outputs of the loaded constructs was supported.  
  Small variation in screw tightness (≤2 Nm) may not affect IFM, but had 
inconsistent effects on strain gauge outputs. Further investigation into the 
effect of more significant loosening and/or damage to the screw-bone 
interface is recommended.    
 The scaffold does not significantly contribute to the overall stiffness of the 
system.  
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Chapter 6: Summary and Conclusions 
This research addressed significant technology gaps with respect to monitoring 
healing and characterising the mechanical environment of large segmental bone 
defects. Two monitoring technologies were developed for application in a preclinical 
animal model, which was achieved by structuring the work to address three key 
aspects. The first aim was to establish a method for monitoring healing of large bone 
defects. This was achieved through collaboration with the AO Research Institute, 
Davos (Davos Platz, Switzerland), whereby an attachable fracture monitor was 
developed for the dynamic compression plate (DePuy Synthes, United States). The 
fracture monitor utilizes strain gauge based sensor technology to monitor the 
mechanical conditions at the fracture site, thereby providing a novel tool for 
monitoring healing. The second aim was to develop a method for characterising the 
mechanical environment in sheep (the animal used in the relevant preclinical model). 
This was achieved with the development of an activity monitoring system, which uses 
accelerometer based sensor technology to monitor typical load bearing activity. The 
development of a sheep specific classification algorithm enabled periods of both mild 
activities (such as walking) and intense activities (such as running) to be detected.  
Addressing the third aim of this research, the developed monitoring systems 
were applied in a preclinical animal study, producing significant information 
regarding healing and the mechanical environment. Specifically, from monitoring six 
sheep with large segmental bone defects, the fracture monitors successfully 
demonstrated no change in defect conditions which was consistent with radiographic 
results, and provided new insights into the in vivo mechanical conditions of a plated 
segmental defect; indicating that the monitored animals predominately produced 
low magnitude ( 300 N) tibial loads with occasional incidences of higher (> 1000 N) 
loading. These findings were supported by the results of activity monitors, which 
characterised the activity of the monitored animals as predominately inactive 
(standing or sitting) or engaging in mild activity (e.g. walking). Future 
recommendations include continued development of the fracture monitors to 
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improve data transfer and longevity, and a validation study to confirm and further 
develop the activity classification algorithm. Through the developed systems and 
pilot results, this research has contributed two new methods for monitoring early 
stage healing progression and characterising the mechanical environment in terms of 
animal activity, which if successfully adopted, may contribute to the improvement of 
preclinical bone defect studies.  
In addition to these significant contributions, this research successfully 
characterised the previously unexplored internal mechanical environment of the 
described defect model, using the in vivo loading conditions measured by the fracture 
monitors. Applying the relevant fixation/defect configuration to cadaveric sheep 
tibiae, mechanical testing under physiologically occurring loads produced 
interfragmentary movements of 0.01-1 mm (0.2-2 % strain). Given that the 
relationship between interfragmentary movement and the healing of large 
segmental defects remains highly under-investigated, the implications of these 
results remain unclear: although results of small defect studies145 suggest that < 2 % 
strain is within an appropriate range for bone healing, whether healing would be 
better supported under more or less flexible conditions requires further 
investigation.  
Further to the IFM results, strain gauges applied to the surface of the dynamic 
compression plate successfully demonstrated the inverse relationship between 
defect material stiffness and plate strain. These findings support the theoretical 
principles behind monitoring healing with an instrumented plate, which until now, 
had not been experimentally demonstrated in the literature. Finally, important 
observations were made with respect to the mechanical properties of the implanted 
scaffolds. When compared to an empty defect, findings from the discussed 
mechanical test suggest that the particular mPCL-TCP scaffold used in the animal 
study may not significantly contribute to the overall stiffness of the system. Separate 
testing of the scaffold structures used in the animal study also revealed relatively low 
stiffness properties, of approximately 150 N/mm. These low stiffness results 
combined with the relatively minimal interfragmentary deformation, call the 
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reported need for sufficient scaffold stiffness to withstand functional loading under 
question.146,147  
By far, the most significant contributions of this research are the development 
of a fracture monitor and activity monitoring system, including demonstrations of 
early success; which with further development, will enable researchers to 
quantifiably capture healing progression and characterise the mechanical 
environment in preclinical bone defect models. With the successful adoption of these 
methods in preclinical studies, crucial information may be obtained regarding these 
previously unexplored parameters; thereby supporting the continued development 
of emerging tissue engineered solutions to the significant clinical challenge of 
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Appendix A: Fracture Monitor Results from the Preclinical Animal Study 
 
Figure A.1 Loading recorded from fracture monitor for animal 1295 as depicted in the AO Fracture 
Portal. 
 




Figure A.3 Load cycles recorded from fracture monitor for animal 1295 as depicted in the AO 
Fracture Portal. 
 
Figure A.4 Loading recorded from fracture monitor for animal 1301 as depicted in the AO Fracture 
Portal. 
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Figure A.5 Filtered loading recorded from fracture monitor for animal 1301 as depicted in the AO 
Fracture Portal. 
 





Figure A.7 Loading recorded from fracture monitor for animal 1267 as depicted in the AO Fracture 
Portal. 
 
Figure A.8 Filtered loading recorded from fracture monitor for animal 1267 as depicted in the AO 
Fracture Portal. 
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Appendix B: Activity Monitor Results from the Preclinical Animal Study 
 
Figure B.1 Animal 1295, mild activity 
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Figure B.3 Animal 1301, mild activity 
 

































































Figure B.5 Animal 1267, mild activity 
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Figure B.7 Animal 1303, mild activity 
 




























































Appendix C: Mechanical Properties of mPCL-TCP Scaffolds 
Aims 
1. To measure the compressive stiffness of two groups (n=8 per group) of 60 
mm, medical grade polycaprolactone, tricalcium phosphate (mPCL-TCP) 
scaffolds (Figure C.1) with different structural properties (Table C.1) 
proposed for use in the future animal study.  
2. To investigate the effect of a physiologically similar scaffold environment 
compared with ambient conditions on scaffold stiffness. 
3. To investigate the effect of eight punctured transverse holes (added to 
support in vivo vasculature) on scaffold stiffness.  
Background 
To characterise the mechanical conditions within the described bone defect, 
the mechanical properties of the inserted TEC’s had to be determined before 
implantation. At the time of this investigation, two groups of 60 mm scaffolds were 
under consideration (Figure C.1). Both groups were made of medical grade 
polycaprolactone (mPCL, 80 wt %), β-tricalcium phosphate (TCP, 20 wt %) composite 
material and manufactured by fused deposition modelling (FDM) (Osteopore 
International, Singapore). Where the scaffolds differed was with respect to structural 
parameters, which were designed from Computer Aided Design (CAD) models. 
Although only one group was used in the animal study (Group 2), this experiment 
took place while the animal study was still being designed, and consequently both 
were analysed. The parameters of each group are described in Table C.1.  
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Figure C.1 Top view of mPCL-TCP representative scaffolds manufactured by FDM, with different 
structural properties: Group 1 (left) are more porous, with thicker filaments and a smaller outer 
diameter than Group 2 (right).  
Structural Parameter Group 1 (Figure C.1, left) Group 2 (Figure C.1, right) 
Laydown pattern 0/90 0/90 
Dimensions (mm) h = 60, I = 8, o = 15  h = 60, I = 8, o = 20  
Filaments thickness (mm) 0.5 0.3 
Distance between filaments (mm) 1.8 1.2 
Pore size (mm) - 0.35-0.5 
Porosity - 70 % 
Table C.1 Structural parameters of the two groups of scaffolds 
Scaffolds intended for bone repair provide an initial bridging structure within 
the defect, designed to be gradually resorbed (broken down and dispersed) by the 
body as the healing tissue takes over.148 The initial mechanical conditions of scaffolds 
will depend on a number of factors including the material, manufacturing process, 
and structural parameters.147 Medical grade PCL is a hydrophobic (water repelling), 
semi-crystalline (relatively tough) thermoplastic (can be reset), with a low melting 
point (59-64C) (easy to manipulate) and high blend-compatibility (can be blended to 
create composite materials), making it suitable for a variety biomaterial 
applications.149 Since the early 2000s, mPCL has become increasingly popular in the 
field of tissue engineering, which Woodruff et al.149 attributes to its superior ability 
to be manufactured and manipulated into a wide range of scaffold structures146,150–
154 (over other resorbable-polymer counterparts), and its marketability from having 
FDA approval and CE Mark registration.  
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The addition of the bioactive ceramic TCP  to create mPCL-TCP composites has 
been shown to produce favourable biochemical, mechanical and degradation 
properties over mPCL alone.155 With respect to the mechanical properties, the 
addition of the ceramic TCP has been shown to improve the elastic behaviour of the 
scaffolds with increasing scaffold stiffness156–158 and strength156,157. It also increases 
the brittleness of the scaffold, contributing to an increased rate of degradation.156–
158  
The mechanical properties of the scaffold will also depend on the fabrication 
process, which in the case of the tested scaffolds is FDM. FDM is a type of additive 
manufacturing process (also known as 3D printing or solid freeform fabrication) 
which creates mechanically superior, highly controlled structures (compared to coral 
like conventional scaffolds or fibrous nano-scale scaffolds).149,155 FDM involves 
fabricating a chosen polymer or polymer blend into a filament spool, which is then 
passed through a heating element and extruded out a nozzle tip along a specific 
laydown pathway (Figure C.2, A). The pathway is determined by a CAD or 
mathematical algorithm based script or “G-code”. The extruder deposits the specified 
design in a layer by layer process until a three dimensional structure is created (Figure 
C.2, C and D). A similar process called Melt Extrusion (ME) achieves very similar 
outcomes using a melting chamber filled with material pellets rather than spools 
(Figure C.2, B).  
Structurally, FDM produced scaffolds are essentially a series of stacked layers 
with specific laydown patterns and filament thicknesses, fused together to create 3D 
scaffolds of specified dimensions with a calculable porosity. The final structure is a 
result of both the design (the G-code) and the FDM processing parameters, which 
must be tightly controlled.  Zein et al.159 and Domingos et al. 152 demonstrate the 
dramatic effects of minor changes in processing parameters on the size/form of the 
deposited filaments, and as a result, the mechanical properties of the final structure. 
The specific processing parameters which have these effects (summarised by Poh et 
al.155) are as follows: 
 Appendices 169 
 Component speed and flow rate: material feed rate, extrusion head 
speed, nozzle translational speed and the flow rate of the extruded 
material.  
 Temperature: liquefier temperature and the temperature/humidity of 
the chamber. 
 Nozzle size: determines the diameter of the extruded microfilament. 
 
 
Figure C.2 A fused deposit modelling process is used to fabricate scaffolds: see text for description. 
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From the literature, a series of mechanical properties of scaffolds similar to this 
study were identified (Table C.2 and C.3). Scaffold mechanical properties are typically 
determined from compression testing, and defined in terms of the elastic modulus 
and/or stress limits (either at the yield point or the maximum stress) obtained from 
the stress-strain curve. A representative curve is not always presented in the 
literature, and occasionally, the methods describing how the reported mechanical 
parameters were derived are also absent.  
170 Appendices 
Domingos et al. 152 is one of the few who provided both a representative stress-
strain curve of their compression data, and a description of how their parameters 
were obtained. Compression was applied to block shaped samples of PCL scaffolds of 
dimensions 7 x 7 x 8 mm (l x w x h), at a rate of 1mm/min up to 0.4 mm/mm strain, 
and a stress-strain curve was derived from the force-displacement data. Stress was 
calculated as the applied force divided by the apparent cross-sectional surface area 
of the scaffold (length x width) and strain was defined as the ratio between 
deformation and initial height. The elastic modulus, E, was derived from the slope of 
the initial linear region of the stress-strain curve and the maximum stress was defined 
as stress at 4 mm/mm strain (Figure C.3). 
 
Figure C.3 Adapted fom Domingos et al. 152, the mechanical behaviour of 3D scaffolds with 0/90 
laydown patter, 0.3 mm filaments and 1 mm between filaments, tested under compression at a 
rate of 1 mm/min. 
Most studies take a similar approach, with some also identifying the yield point 
(usually in place of maximum or ultimate stress) as the intersection of the stress-
strain curve with the modulus of the linear slope at an offset of 1 % strain. From the 
literature, the mPCL scaffolds described by Hutmahcer148, Zien159 and Domingos152 
(mPCL) and the mPCL-TCP scaffolds described by Arafat160 (mPCL-TCP) are the closest 
representations of the scaffolds prepared in this study: of these results, the elastic 
modulus ranges from 10-79 MPa and yield stress from 1.2-3.32 MPa. Data from the 
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other two mPCL-TCP studies listed in Tables C.2 and C.3 are useful in terms of 
demonstrating the effects of TCP, however as two of the studies156,157 included 
sodium hydroxide treatment (a highly degrading chemical), and the other examined 
only a single strut161, the actual values are less likely to be representative; an example 
of how mPCL-TCP scaffolds behave differently (greater strength and stiffness and 
more brittle) with respect to the stress-strain curve is demonstrated by the dashed 
green line in Figure C.3. 
The structures considered for the future animal study of this program of 
research were not test samples, but full size scaffolds intended for use. Consequently, 
they could only be tested within the elastic zone, from which stiffness (and not yield 
or ultimate stress) could be determined. Stiffness (N/mm) is defined as the amount 
of deformation (mm) the scaffolds experience under load (N) with respect to their 
geometries (following conventional engineering definitions). In other words, it 
describes how they will behave under load in their current structural forms. The 
alternative measure, the elastic modulus (stress-strain modulus), is more useful for 
comparing intrinsic mechanical properties; which is not the purpose of this 
investigation.   
Hutmacher et al. 148 has shown that the mechanical properties of mPCL 
scaffolds are reduced when subjected to physiologically similar environments. For 
this reason, the scaffolds of this investigation were also tested under physiologically 
similar environments; as well as in ambient conditions for comparison. Furthermore, 
in the described animal study (Chapter 5) scaffolds were punctured before 
implantation to create a series of transverse holes, supporting in vivo vasculature. 
Such a procedure was also intended for the future animal study. Consequently, the 























mPCL 0.5 mm/s up to 66% strain 
(dry* or after 30 minute soaking in 
37 PBS**) 
15-20 0.5-1.5* 









60 % Sample size: (, h) 12, 4.5 (mm)   
Laydown pattern: 0/90 
Filament size: 0.5 mm  
Pore size: 1.25 mm  
Xu146  FDM mPCL  4 mm/min to failure  62.7 - 9.1 23 Modelled after CT scan of 1.5 cm mid-









1.1-8.5 49-77 % Sample size: 7 x 7 x 8 (mm)  
Laydown pattern: 0/90 
Filament size: 0.235-0.428 mm 
Kim153  ME 
 
mPCL 0.6 mm/min 
(unclear how strength is 
calculated) 
21 - 1.3 
 
69.6 Sample size: 7.4 x 7.4 x 3.2 (mm)  
Laydown pattern: 0/90 
Filament size: 0.2 mm 
Pore size: 0.6 mm  




0.1 mm/min to 15% strain 




- 5.3* 65* 
 
Sample size: (, h) 14, 3 (mm)   
Laydown pattern: 0/90 
Filament size:  0.35 mm  
Pore size: 0.35 mm 




0.1 mm/min  
(room temperature, relative 
humidity of 15 %) 
150-200 - - 39-55 Sample size: (, h) 20, 10 (mm)   
Laydown pattern: 0/90 
Filament size: 0.25-0.27 mm 










- 55 Sample size: 7 x 7 x 13.5 (mm) 
Laydown pattern: 0/90 







1mm/min up to 70 % strain 






- 61 Sample size: 6.5 x 6.5 x 13.5 (mm)  
Laydown pattern: 0/60/120 
Filament size: 0.406 mm  
Table C.2 Comparison of mechanical properties of TECs from the literature investigating mPCL scaffolds. 
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Reference Fabric-
ation 



















(10 wt %) 
Tension of single 
struts to failure 





- Sample size (single struts): 0.55 x 
0.55 x13 mm 
Reichert 8  FDM mPCL-TCP 
(20 wt %) 
 (details not specified) 22.2 MPa - - 70 % Size: (outer, inner, h) 20, 8, 30 (mm)   
Laydown pattern: 0/90 
Filament size:  0.3 mm 







(10 wt %) 
 (details not specified) 10-20 1.2-2.2 - 65 % Sample size: 5 x 5 x 8 (mm)  
Laydown pattern: 0/60/120 
Filament size:  0.4 mm  









(20 wt %) 
(NaOH treated) 
1 mm/min up to 60 
% strain 
(dried in an oven at 35 C 






- 68 Sample size: 6.5 x 6.5 x 13.5 (mm) 
Laydown pattern: 0/60/120 
Filament size: 0.3 mm 
 






(20 wt %) 
(NaOH treated) 
1 mm/min up to 70 
% strain 
(room temperature with 








Sample size: 3 x 3 x 4 (mm) 
Laydown pattern: 0/60/120 
Strut diameter:  0.5mm 
Table C.3 Comparison of mechanical properties of TECs from the literature investigating mPCL-TCP scaffolds. 
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Experiment Design 
To ensure the scaffolds were not permanently deformed, a safe loading limit 
had to be established i.e. a load that would not exceed the elastic yield limit. As 
discussed, there is considerable variation in yield strength values of PCL based 
scaffolds throughout the literature (Tables C.2 and C.3). Results from the most 
comparable studies148,159,160, with respect to manufacture method, filament size, 
porosity and other structural parameters, ranged from 1.2-3.3 MPa. To be safe the 
Yield Stress was assumed to be 1 MPa. Stress is calculated as the applied load divided 
by the apparent surface area (σ = F/SA), which is the cross sectional area of the overall 
sample with respect to the direction of the applied load. This equation was applied 
to determine the load at yield (F = σ x SA) (Table C.1). A further factor of safety of 1.5 
was then applied, resulting in a recommended compression limit of 90 N. 
Parameter Source/Calculation Result 
Estimated yield strength 
(MPa) 
The findings of Hutmacher148, 
Zein159 and Arafat160. 
σyield > 1 MPa (lowest 
estimate) 
Apparent surface area of 
Group 1 (do = 15, di = 8) and 
Group 2 (do = 20, di = 8) 
scaffolds. 
SA = π((do / 2)2 – (di / 2)2 ) 
SA1 = 126 mm2 
SA2 = 263 mm2 
Estimated force to create 
yield stress 
Fyield1 = SA x σyield1 
Fyield2 = SA x σyield1 
Fyield1 = 126 N 
Fyield2 = 236 N 
Proposed test limits applying 
a factor of safety (F.S.) of 
approximately 1.5. 
Flimit = Fyield / F.S. F = 90 N 
Table C.4 From a review of the literature, it was estimated that the yield strengths of the scaffold 
samples would be at least larger than 1 MPa. This approximate yield stress value was then 
multiplied by the apparent surface areas of the scaffolds to obtain the expected maximum load 
before yield.  A maximum load limit was then determined by applying a factor of safety of 1.5. 
Test Method 
Two groups (n=8 per group) of composite medical grade polycaprolactone 
(mPCL, 80 wt %), tricalcium phosphate (TCP, 20 wt %), scaffolds with different 
structural parameters (as previously described) were compression tested to measure 
stiffness. Tests were repeated on all sixteen scaffolds, for four conditions in the 
following order:  
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1. Intact at room temperature (IRT).  
2. Intact at 37 degrees (I37).  
3. With punctured holes at room temperature (HRT). 
4. Punctured at 37 degrees (H37). 
Firstly, scaffolds were tested intact at room temperature (Figure C.4, A), then 
wrapped in gauze and soaked in a saline bath at 37°C for 10 minutes and tested again 
(Figure C.4, B and C). Then, nine transverse holes (2 mm, diameter) were created in 
each scaffold (Figure C.4, D) and tests were repeated; first at room temperature then 
again after another saline bath as before. Overall, each scaffold was tested four 
times, once for each condition.  
  
Figure C.4 Mechanical testing (A), soaking (B), retesting (C) and hole puncturing (D) of the scaffold. 
For each condition, 10-90 N of compression was applied at 0.1 mms-1 and 
repeated for 10 cycles using an Instron material testing machine. Force and 
displacement measured by the Instron machine were zeroed once contact was 
established with the scaffold sample. The force and displacement output of the 
machine was therefore that experienced by the scaffold. Force-displacement curves 
were plotted, and stiffness, k, was measured as the gradient of the linear portion 
(found after the initial toe region) of the force-displacement curve from results of the 
tenth compression cycle.  
An independent-samples t-test was conducted to compare the two 
independent scaffold groups, using stiffness results from Condition 4 (when 
punctured and tested under biologically similar conditions). Within each scaffold 
group, a one-way repeated measures ANOVA (with Bonferroni post hoc tests) was 
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used to assess the interactions between the test conditions (scaffold environment 
and puncturing) on stiffness. This particular statistical test was chosen as it compares 
three or more repeated measures of the same samples.  
Results 
A representative stiffness plot demonstrating the 10 loading and unloading 
cycles is presented (Figure C.5 and Figure C.6). Average stiffness results of: Groups 1 
and 2 for Condition 4; Conditions 1-4 of Group 1; and, Conditions 1-4 of Group 2 are 
presented in Figure C.7, Figure C.8 and Figure C.9 respectively. The mean stiffness 
results of Group 1 were greater than Group 2 (from Condition 4), with a statistically 
significant difference of 67 ± 13 N/mm (mean ± standard error), p < 0.0005; the 
results of a Levene’s test for equality of variances, and a Shapiro-Wilk test of 
normality demonstrated that the assumptions of homogeneity and normality (of the 
independent-samples t-test) were met (p > 0.05). Minor but statistically significant 
differences in mean stiffness properties were also found between each of the four 
conditions over both groups, p < 0.005 (Table C.5); the results of a Mauchly’s test of 
sphericity, and a Shapiro-Wilk test of normality demonstrated that the assumptions 
of sphericity and normality (of the repeated measures ANOVA) were met (p > 0.05).  
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Figure C.6 Final load cycle and portion of that cycle from which stiffness was derived. 
 
Figure C.7 Stiffness properties of the punctured scaffolds in a biological environment (Condition 4) 
of Group 1 [217 ± 32 N/mm (mean ± SD)] and Group 2 [150 ± 20 N/mm (mean ± SD)]. 


















Figure C.8 Stiffness properties of Group 1 for each of the four conditions: (IRT) intact at room 
temperature [243 ± 34 N/mm (mean ± SD)], (I37) intact, soaked at 37 degrees  [222 ± 31 N/mm 
(mean ± SD)], (HRT) with punctured holes at room temperature [234 ± 34 N/mm (mean ± SD)] , 
and (H37) with punctured holes, soaked at 37 degrees [217 ± 32 N/mm (mean ± SD)]. 
 
Figure C.9 Stiffness properties of Group 2 for each of the four conditions: (IRT) intact at room 
temperature [167 ± 23 N/mm (mean ± SD)], (I37) intact, soaked at 37 degrees  [155 ± 22 N/mm 
(mean ± SD)], (HRT) with punctured holes at room temperature [163 ± 23 N/mm (mean ± SD)] , 
and (H37) with punctured holes, soaked at 37 degrees [150 ± 20 N/mm (mean ± SD)]. 
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 Environment Effects Puncturing Effects 




21.1 ± 2.6 
( 8.6 %) 
p < 0.0005 
16.6 ± 1.6 
( 7.2 %) 
p < 0.0005 
9.0 ± 1.7 
( 3.7 %) 
p = 0.001 
4.5 ± 1.6 
( 2.3 %) 
p = 0.026 
Group 2 
differences 
11.5 ± 1.2 
( 7.2 %) 
p < 0.0005 
12.6 ± 1.1 
( 8.0 %) 
p < 0.0005 
4.4 ± 1.1 
( 2.4 %) 
p = 0.004 
5.5 ± 1.1 
( 3.2 %) 
p = 0.002 
Table C.5 Contrast results of a Repeated Measures ANOVA comparison of means, comparing the 
effects of scaffold environment and puncturing for each scaffold group. The difference between 
means (1 - 2) are expressed as values (1 - 2 ± std. error) and percentages [(1 - 2/1) x 100%], 
with associated p-values. 
Discussion 
From compression test data of the punctured scaffolds after 10 minutes 
soaking in a 37 degree saline bath (Condition 4), the average stiffness of Group 1 was 
217 ± 32 N/mm, and the average stiffness of Group 2 was at 150 ± 20 N/mm (30% 
less than Group 1) (Figures C.8 and C.9). Translating these results to an approximate 
elastic modulus (E = k x ho / S.A.) gives 103 ± 15 MPa and 38 ± 5 MPa, from which 
comparisons can be made with results from the literature. Group 2 is within the range 
reported in the literature (10-79 MPa 148,152,159,160). Group 1 contains less material 
than Group 2 but its filaments are much thicker than both Group 2 and the scaffolds 
in the referred studies; explaining the much higher stiffness results.  
Ten minutes of soaking in a PBS bath (versus ambient conditions) and the 
introduction of punctured holes had small but significant effects on the stiffness 
results; decreasing stiffness by 7.2-8.6 % and 2.3-3.7 % respectively. The effect of 
soaking the scaffold in a physiologically similar environment may have been more 
pronounced had the scaffolds been immersed for longer periods of time. From 
compression tests of small (6.5 x 6.5 x 13.5 mm) blocks of PCL scaffolds (with lay-
down patterns of 0/60/120, filament diameters of 1.7 mm and 61 % porosity) 
Hutmacher et al.148 found that a full day of immersion in a saline bath reduced 
scaffold stiffness by 30 %.  
180 Appendices 
Within each group there was a fairly large variation in sample stiffness, which 
was consistent across the repeated tests. The percentage difference between the 
maximum and minimum stiffness properties within each group were 29-31 % for 
Group 1, and 40-43 % for Group 2. There was however, a consistent outlier in Group 
1 associated with the same single scaffold sample (sample D); omitting the outlier, 
the difference between the maximum and minimum stiffness properties for Group 1 
drops to 17-20 %. In Group 2, there appeared to be two different subgroups, the first 
comprising of scaffolds samples K, L & O (lower stiffness) and the second comprising 
of J, M, N, P and Q (higher stiffness), suggesting inconsistencies in the manufacturing 
process. 
Summary of Conclusions 
 The mean stiffness properties of the punctured scaffolds in Group 1 
and Group 2 were 217 ± 32 N/mm (mean ± SD) and 150 ± 20 N/mm 
respectively (after a 37 PBS bath). 
 Testing under a physiologically similar environment resulted in a small 
but statistically significant decrease in scaffold stiffness properties 
(maximum 8.6 %). However, it is likely that this effect may have been 
larger if the scaffolds had been immersed in the heated bath for 
longer. A full day of submersion is recommended for future tests. 
 The addition of eight punctured transverse holes also resulted in a 
small but statistically significant decrease on the stiffness properties 
of the scaffolds (max 3.7%). Although this is a minor effect, puncturing 
is recommended for future tests if puncturing upon application is 
intended.  
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